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Abstract 
The world has entered what has become known as the fourth industrial revolution. 
Technological advancements in ICT and automation including IoT, cloud computing and 
smart robotics have changed industrial manufacturing workplaces. The dull, dangerous 
and dirty work associated with manufacturing work has largely been replaced by 
supervisory monitoring work. Job demands in manufacturing are now more likely to be 
cognitive rather than physical demands. When job demands are too low or too high 
they are called psychosocial stressors. Prolonged monitoring work requires high levels 
of sustained attention for human operators which can pose high cognitive demands. 
Other psychosocial stressors that are prevalent in manufacturing environments include 
low autonomy, low skill discretion and social isolation.  Psychosocial stressors can 
contribute to the development of musculoskeletal disorders. In modern 
manufacturing, where levels of physical work are low, psychosocial stressors and 
cognitive demand in particular are likely to be important contributors to 
musculoskeletal disorders. Several psychophysiological mechanisms are involved 
which range from activation of the sympathetic nervous system to changes in 
breathing and increases in muscular activity.  
 
Data from industrial survey based studies were analysed by structural equation 
modelling and used to investigate relationships between psychosocial stressors and 
musculoskeletal disorders. Three experimental studies were established to probe 
specific mediation and moderation mechanisms linking cognitive demands to increases 
in muscular activity, which is a pertinent risk factor in the development of 
musculoskeletal disorders. 
 
The industrial survey revealed that cognitive demand was significantly linked to 
shoulder and back complaints and social isolation to neck and lower back symptoms 
via distress as a mediating stress variable. Job control was linked to upper back 
complaints via worry as the mediating stress variable. Attention demand was found to 
predict an increase in musculoskeletal disorders, with task engagement as the 
mediating stress variable. 
iii 
 
 
The experimental studies proved that lowered end-tidal CO2 as a result of stress was 
found to strengthen the relationship between mental workload and mental stress due 
to attention work and muscle activity. This is advancement on the theory linking job 
stress and musculoskeletal disorders, which hypothesized that end-tidal CO2 acted as a 
mediator in this relationship. In addition to this, the parasympathetic nervous system 
was found to mediate the relationship between stress due to an attention task and 
muscle activity. An improved breathing technique was found to increase end-tidal CO2 
levels and parasympathetic nervous system activity can be used to decrease muscle 
activity and consequently reduce musculoskeletal disorders. 
 
Hyperventilation, which can occur on exposure to stress strengthen the effect of the 
stressor on increased muscular activity. Exposure to chronic stress results in inhibition 
of the parasympathetic nervous system, which mediates the relationship between 
stress and muscular activity. Monitoring work can pose high cognitive demands and is 
consequently a psychosocial stressor which contributes to musculoskeletal disorders. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
Acknowledgements 
I would like to thank the following people for their help in the course of this work: 
 
Dr. Leonard O’Sullivan for the opportunity to undertake this PhD, and for his continued 
guidance and optimism throughout the course of the work. 
 
All those who took part in the industrial survey and experimental studies 
 
My colleagues in ‘design factors’ Kirstin, Kevin, Rhona, Valerie, Tjasa and Eamonn for 
helping with the pilot studies, proof reading and moral support. Eoin, for the ongoing 
IT support and lively conversation.  
 
Dr. Cliona O’ Riordan for her help with experimental work.  
 
Bob Whelan and Donal Ryan whose technical expertise was very much appreciated when 
setting up the experimental work. 
 
Dr. Sandra O’ Brien for her help in the use of the DIRECT RT software and in developing the 
attention tasks for use. 
 
Dr. Jean Saunders and Dr. Mark Shevlin for their help with the statistics. 
 
Michael Bolton from TSC Simulations for providing the industrial simulations. 
 
The financial support from the Robomate project, funded under the Seventh Framework 
Programme. 
 
Finally thanks for all the support from my family. 
 
 
 
v 
 
 
Abbreviations 
IIoT: Industrial internet of things 
MSDs: Musculoskeletal disorders 
JD-R: Job demand Resources Model 
DSSQ: Dundee State Stress Questionnaire 
SSSQ: Short State Stress Questionnaire 
AVT: Abbreviated Vigilance Test 
SART: Sustained Attention to Response Test 
SART: Situational Awareness Rating Test 
NASA-TLX: NASA Task Load Index 
ANS: Autonomic Nervous System 
SNS: Sympathetic Nervous System 
PNS: Parasympathetic Nervous System 
HRV: Heart Rate Variability 
HRV-HF: High Frequency Heart Rate Variability 
UTMA: Upper Trapezius Muscle Activity  
PetCO2: End-tidal CO2 
COPSOQ: Copenhagen Psychosocial Questionnaire 
NMQ: Nordic Musculoskeletal Questionnaire 
SEM: Structural Equation Modelling 
 
 
 
 
 
 
 
 
 
 
vi 
 
Table of Contents 
Declaration……………. .......................................................................................................... i 
Abstract…………… ............................................................................................................... ii 
Acknowledgements .......................................................................................................... iv 
Abbreviations .................................................................................................................... v 
Table of Figures ................................................................................................................xii 
List of Tables…………… ...................................................................................................... xiii 
Chapter 1. Introduction .............................................................................................. 14 
Chapter 2. Literature Review ...................................................................................... 18 
2.1 Musculoskeletal disorders ................................................................................ 18 
2.2 Psychosocial Risks ............................................................................................. 19 
2.3 Stress models .................................................................................................... 20 
2.4 Models linking psychosocial risks and musculoskeletal disorders ................... 23 
2.5 Scientific studies supporting links between psychosocial risks and 
musculoskeletal disorders ........................................................................................... 26 
2.5.1 High cognitive job demands ...................................................................... 27 
2.5.2 Low job control ......................................................................................... 29 
2.5.3 Low skill discretion .................................................................................... 29 
2.5.4 Social Isolation .......................................................................................... 29 
2.6 Section 2.1 – 2.3 Summary ............................................................................... 30 
2.7 Automated manufacturing ............................................................................... 30 
2.8 Psychosocial factors within automated manufacturing ................................... 33 
2.8.1 Job content and design ............................................................................. 33 
2.8.2 Job demands ............................................................................................. 33 
2.8.3 Sustained attention ................................................................................... 34 
2.8.4 Job control ................................................................................................. 36 
2.8.5 Skill discretion and task variety ................................................................. 38 
2.8.6 Social isolation........................................................................................... 38 
2.8.7 Task engagement ...................................................................................... 39 
2.9 Section 2.4-2.5 Summary ................................................................................. 40 
2.10 Physiological responses to psychosocial stress ................................................ 40 
2.10.1 The biological mechanism of stress .......................................................... 40 
2.10.2 The muscular response to stress .............................................................. 41 
2.10.3 The upper trapezius muscle ...................................................................... 42 
2.10.4 Measurement of muscle activity .............................................................. 42 
2.10.5 The cardiovascular system ........................................................................ 43 
2.10.6 Heart rate variability ................................................................................. 43 
2.10.7 Measuring heart rate variability ............................................................... 44 
vii 
 
2.10.8 Respiratory system .................................................................................... 44 
2.10.9 Hyperventilation ....................................................................................... 45 
2.10.10 Measuring hyperventilation ...................................................................... 46 
2.11 Section 2.6 Summary ........................................................................................ 47 
2.12 Assessment of psychosocial risks in occupational contexts............................. 47 
2.12.1 Copenhagen psychosocial questionnaire (COPSOQ) ................................ 48 
2.12.2 Short state stress questionnaire (SSSQ) .................................................... 48 
2.12.3 Situational Awareness Rating Test (SART) ................................................ 49 
2.13 Section 2.7 Summary ........................................................................................ 50 
2.14 Statistical modelling of psychosocial risks ....................................................... 50 
2.14.1 Mediation and moderation ....................................................................... 50 
2.14.2 Structural equation modelling .................................................................. 52 
2.15 Section 2.8 Summary ........................................................................................ 53 
2.16 Research Hypotheses ....................................................................................... 54 
Chapter 3. Investigating states of stress as mediators in the relationship between 
psychosocial risks and upper body musculoskeletal complaints in automated 
manufacturing. ................................................................................................................ 56 
Study 1: Distress and worry as mediators in the relationship between psychosocial 
risks and upper body musculoskeletal complaints in highly automated 
manufacturing……………. .............................................................................................. 57 
Abstract…………… ............................................................................................................. 57 
3.1 Introduction ...................................................................................................... 57 
3.1.1 Job Control ................................................................................................ 60 
3.1.2 Social Isolation .......................................................................................... 60 
3.1.3 Cognitive Demand ..................................................................................... 61 
3.1.4 Skill Discretion ........................................................................................... 61 
3.1.5 Stress States .............................................................................................. 62 
3.1.6 Research Rationale .................................................................................... 63 
3.2 Method ............................................................................................................. 64 
3.2.1 Aims ........................................................................................................... 64 
3.2.2 Participants and Inclusion Criteria ............................................................ 64 
3.2.3 Questionnaire Design ................................................................................ 65 
3.2.4 Dimensions Measured: ............................................................................. 66 
3.3 Statistical Analysis ............................................................................................ 68 
3.3.1 Structural Equation Modelling .................................................................. 68 
3.4 Results .............................................................................................................. 72 
3.4.1 Characteristics of the Observed Variables ................................................ 72 
3.5 Discussion ......................................................................................................... 78 
3.5.1 Cognitive Demand ..................................................................................... 79 
viii 
 
3.5.2 Social Isolation .......................................................................................... 80 
3.5.3 Job Control ................................................................................................ 81 
3.5.4 Skill Discretion ........................................................................................... 81 
3.6 Limitations ........................................................................................................ 82 
3.7 Conclusions ....................................................................................................... 82 
Chapter 4. Attention demand and attention supply as predictors of musculoskeletal 
complaints: a structural equation model ........................................................................ 84 
Study 2: Task engagement as a mediator between the cognitive demands of sustained 
attention and musculoskeletal complaints: a structural equation model.................. 85 
Abstract…………… ............................................................................................................. 85 
4.1 Introduction ...................................................................................................... 85 
4.2 Method ............................................................................................................. 88 
4.2.1 Questionnaire ............................................................................................ 89 
4.3 Statistical Analysis ............................................................................................ 91 
4.4 Results .............................................................................................................. 92 
4.4.1 Characteristics of the observed variables ................................................. 92 
4.5 Discussion ......................................................................................................... 98 
4.6 Conclusion ...................................................................................................... 100 
Chapter 5. Investigating the role of end-tidal CO2 on upper trapezius muscle activity 
in response to sustained attention. .............................................................................. 101 
Study 3: The moderating role of end-tidal CO2 on upper trapezius muscle activity in 
response to sustained attention. .............................................................................. 102 
Abstract…………… ........................................................................................................... 102 
5.1 Introduction .................................................................................................... 102 
5.1.1 Sustained attention ................................................................................. 103 
5.1.2 Links between mental demand and musculoskeletal disorders ............. 104 
5.1.3 Hyperventilation ..................................................................................... 105 
5.1.4 Upper Trapezius Muscle Activity............................................................. 106 
5.1.5 Research Rationale .................................................................................. 106 
5.2 Method ........................................................................................................... 107 
5.2.1 Study Design ............................................................................................ 107 
5.2.2 Participants ............................................................................................. 110 
5.2.3 Procedure ................................................................................................ 110 
5.2.4 Test Conditions ........................................................................................ 111 
5.3 Statistical Analysis .......................................................................................... 111 
5.4 Results ............................................................................................................ 112 
5.4.1 NASA-TLX for the task conditions ........................................................... 113 
5.4.2 Upper trapezius muscle activity .............................................................. 114 
5.4.3 End-tidal CO2 ........................................................................................... 114 
5.4.4 Moderation analysis ................................................................................ 115 
ix 
 
5.5 Discussion ....................................................................................................... 122 
5.5.1 Upper Trapezius Electromyography........................................................ 122 
5.5.2 End-tidal CO2 ........................................................................................... 123 
5.5.3 Implications for Work Design .................................................................. 124 
5.5.4 Limitations for practice in industry ......................................................... 124 
5.6 Conclusions ..................................................................................................... 125 
Chapter 6. Modelling the effect of sustained attention on upper trapezius muscle 
activity…………… ............................................................................................................. 126 
Study 4: Effect of attention demand on upper trapezius muscle activity – a moderated 
mediation model. ...................................................................................................... 127 
Abstract…………… ........................................................................................................... 127 
6.1 Introduction .................................................................................................... 127 
6.1.1 Background ............................................................................................. 127 
6.1.2 Links between psychosocial stressors and muscular activity ................. 128 
6.1.3 Monitoring & sustained attention .......................................................... 129 
6.1.4 Physiological measures of psychosocial stress ....................................... 130 
6.1.5 Attention demand ................................................................................... 131 
6.1.6 Research Rationale .................................................................................. 132 
6.1.7 Research Objectives ................................................................................ 133 
6.2 Method ........................................................................................................... 134 
6.2.1 Study Design ............................................................................................ 134 
6.2.2 Dependent Variables ............................................................................... 134 
6.2.3 Mediating Variable .................................................................................. 134 
6.2.4 Moderating Variable ............................................................................... 134 
6.2.5 Independent Variable ............................................................................. 134 
6.2.6 Participants & Ethics ............................................................................... 137 
6.2.7 Experimental measurements .................................................................. 138 
6.2.8 Procedure ................................................................................................ 139 
6.3 Statistical Analysis .......................................................................................... 140 
6.4 Results ............................................................................................................ 142 
6.4.1 Hypothesis 1 results ................................................................................ 142 
6.4.2 Hypothesis 2 results ................................................................................ 145 
6.5 Discussion ....................................................................................................... 150 
6.5.1 Hypothesis 1 ............................................................................................ 150 
6.5.2 Hypothesis 2 ............................................................................................ 150 
6.5.3 Hypothesis 3 ............................................................................................ 151 
6.5.4 Implications for work design ................................................................... 152 
6.5.5 Limitations ............................................................................................... 152 
x 
 
6.6 Conclusion ...................................................................................................... 153 
Chapter 7. Using a breathing technique to reduce the physiological stress effects of 
sustained attention on shoulder muscle activity .......................................................... 154 
Study 5: Inhibiting the physiological stress effects of sustained attention on shoulder 
muscle activity ........................................................................................................... 155 
Abstract…………… ........................................................................................................... 155 
7.1 Introduction .................................................................................................... 155 
7.2 Method ........................................................................................................... 158 
7.2.1 Study Design ............................................................................................ 158 
7.2.2 Dependent Variable ................................................................................ 158 
7.2.3 Moderator variable ................................................................................. 159 
7.2.4 Independent variable .............................................................................. 159 
7.2.5 Experimental Measurements .................................................................. 159 
7.2.6 Procedure ................................................................................................ 160 
7.3 Statistical Analysis .......................................................................................... 162 
7.4 Results ............................................................................................................ 162 
7.5 Discussion ....................................................................................................... 165 
7.5.1 Implications for Industry ......................................................................... 167 
7.6 Conclusion ...................................................................................................... 167 
Chapter 8. Discussion ................................................................................................ 169 
8.1 Common findings across thesis studies ......................................................... 169 
8.1.1 Monitoring work as a source of high mental demands .......................... 169 
8.1.2 Attention work is stressful ...................................................................... 169 
8.1.3 Hyperventilation – a moderator between mental stress and muscle 
activity…………… ....................................................................................... 170 
8.1.4 Mediation and moderation models ........................................................ 170 
8.2 Key study findings ........................................................................................... 171 
8.2.1 Study 1: Psychosocial risks as predictors of musculoskeletal complaints in 
manufacturing ......................................................................................... 171 
8.2.2 Study 2: Attention measures as predictors of musculoskeletal 
complaints……………. ................................................................................ 173 
8.2.3 Study 3:  A moderated model linking mental workload and upper trapezius 
muscle activity ......................................................................................... 174 
8.2.4 Study 4: A moderated mediation model linking attention demand and upper 
trapezius muscle activity. ........................................................................ 174 
8.2.5 Study 5: A breathing technique to reduce the effect of mental stress on 
upper trapezius muscle activity. ............................................................. 176 
8.3 Contribution to advancement of theoretical models .................................... 177 
8.4 Workplace and practitioner level implications .............................................. 179 
8.4.1 Contribution of psychosocial risks to musculoskeletal disorders ........... 179 
xi 
 
8.4.2 Stress responses to sustained attention work ........................................ 180 
8.4.3 Design of automation to reduce monitoring work ................................. 181 
8.5 Governmental and regulatory strategy implications ..................................... 182 
8.6 Opportunities for future research .................................................................. 184 
8.7 Limitations ...................................................................................................... 186 
Chapter 9. Conclusions ............................................................................................. 188 
Chapter 10. References ............................................................................................... 190 
Appendix 1…………… ....................................................................................................... 228 
Appendix 2…………… ....................................................................................................... 238 
Appendix 3…………… ....................................................................................................... 247 
Appendix 4…………… ....................................................................................................... 263 
 
  
xii 
 
Table of Figures 
Figure 1: Model 1 (Direct effects model) .......................................................................... 70 
Figure 2: Model 2 (Direct effects model) .......................................................................... 71 
Figure 3:  Model 3 (Direct and mediated effects) ............................................................. 72 
Figure 4: % Prevalence MSD complaints by sector in previous 12 months ...................... 74 
Figure 5: Mean psychosocial scores by sector .................................................................. 74 
Figure 6 Direct effects (a), mediated effects (b) and combined direct & mediated effects (c) 
models ........................................................................................................................ 92 
Figure 7: Prevalence of self-reported musculoskeletal complaints in the previous 12 month
 .................................................................................................................................... 94 
Figure 8: Attention demand, attention supply and task engagement (mean scores) across the 
industry sectors. ......................................................................................................... 95 
Figure 9: Boxplots of NASA-TLX scores for three attentions tasks including post-hoc 
significance values. ................................................................................................... 114 
Figure 10: Simple slopes analysis for NBACK attention task........................................... 118 
Figure 11: Simple slopes analysis for SART attention task.............................................. 119 
Figure 12: Simple slopes analysis for AVT attention task ............................................... 120 
Figure 13: Johnson-Neyman plot for combined test data (three attention tests) with 
conditional effects of mental workload on upper trapezius muscle activity plotted on the 
y-axis. ........................................................................................................................ 121 
Figure 14:  Overview of the effect sustained attention on the autonomic nervous system and 
respiration. ............................................................................................................... 133 
Figure 15: The parasympathetic system activity as a mediator of the relationship between 
attention demand and upper trapezius muscle activity (Model 1). ........................ 142 
Figure 16: End-tidal CO2 as a moderator of the relationship between parasympathetic 
nervous system activity and upper trapezius muscle activity (Model 2). ................ 142 
Figure 17: Upper trapezius muscle activity predicted by HRV-HF moderated by low (-1 SD), 
medium (mean) and high (+1 SD) PetCO2 ................................................................ 148 
Figure 18: Johnson Neyman plot showing conditional effects of HRV-HF on upper trapezius 
muscle activity .......................................................................................................... 149 
Figure 19: Johnson-Neyman graph showing the range of PetCO2 values where significant 
effects of stress on upper trapezius muscle activity occurred ................................. 165 
 
 
 
 
 
 
 
 
 
 
xiii 
 
 
List of Tables 
Table 1: Research hypotheses tested within the thesis ................................................... 54 
Table 2: Descriptive statistics and ANOVA results for the key study variables ................ 73 
Table 3: Pearson correlation coefficient matrix of the measured variables .................... 75 
Table 4: Model indices for direct, mediated & direct/mediated models ......................... 76 
Table 5: Regressional relationship between psychosocial stressors, distress & worry. ... 77 
Table 6: Mediators predicting upper body musculoskeletal complaints ......................... 77 
Table 7: Descriptive statistics for observed variables ....................................................... 93 
Table 8: Fit indices for the mediation model .................................................................... 96 
Table 9: Logistic regression odds ratios and indirect effect (via task engagement) of attention 
demand and attention supply in upper body musculoskeletal complaints. .............. 97 
Table 10: Regression model coefficients of upper trapezius muscle activity for attention tasks
 .................................................................................................................................. 115 
Table 11: R2 values for moderation model for each attention task. .............................. 116 
Table 12: Moderator values (PetCO2) defining Johnson-Neyman significance region (p=0.05)
 .................................................................................................................................. 121 
Table 13: Summary of results for physiological and subjective variables ...................... 144 
Table 14: Bonferroni post-hoc differences between the conditions .............................. 145 
Table 15: Regression results for mediation model - The relationship between attention 
demands and upper trapezius muscle activity mediated by high frequency heart rate 
variability. ................................................................................................................. 146 
Table 16: Conditional indirect effect results for attention demand. .............................. 147 
Table 17: Descriptive statistics of study variables .......................................................... 163 
Table 18:  Moderation model results for SART1 and SART2 ........................................... 164 
 14 
 
Chapter 1. Introduction 
Technological change has reshaped the workplace since the third Industrial 
Revolution which introduced Information Communication Technologies (ICT). The 
use of ICT at work continues to rise, with the use of computerised technologies 
increasing rapidly (26% to 37%)  from 2010 to 2015 (Eurofound 2016b). We are now 
on the brink of the fourth technological revolution, which is using digitalisation to 
link physical, digital, and biological spheres. In parallel, the speed with which 
automation technologies are developing, and the scale at which they could disrupt 
the world of work, are without precedent. Technological innovations have made 
computers and robots so sophisticated that machines are now entering the realm 
once belonging exclusively to humans: cognition.  
 
The current technological revolution brings with it advancements such as the 
Industrial Internet of Things (IIoT) ‘big data’, cloud computing, Industry 4.0 and 
operator 4.0. The Industrial Internet of Things is focused on enabling and 
accelerating the adoption of internet connected technologies across industries. IIoT 
connects sensors, actuators and other smart technologies and gives immediate 
access to information about physical objects, giving great potential for high 
efficiency and productivity. ’Big data’ refers to extremely large data sets that may be 
analysed computationally to reveal patterns, trend and associations that may help 
improve decision making and strategic business moves. Cloud computing provides 
opportunities to gain more computing power and storage space, while reducing the 
overall cost of maintaining and managing IT equipment and software. Operator 4.0 is 
when human performance is augmented by technology e.g. exoskeletons. Industry 
4.0 is a German government initiative named after the ‘fourth industrial revolution’. 
It is focused on building Cyber Physical Systems with the aim of manufacturing 
industries remaining globally competitive. These technologies bring with them many 
societal advantages including the creation of new goods, services, markets and jobs 
and greater productivity. They also inevitably bring new challenges including changes 
to the work environment. While the consequences of digitalisation and increased 
automation of contemporary manufacturing workplaces on employee health are not 
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clear, there is evidence to suggest these technological changes may result in a poor 
psychosocial climate for many workers.  
 
A poor psychosocial work environment, which can result from excessive work 
demands, time pressure, lack of control over the job, a lack of support from 
managers and colleagues, poor interpersonal relationships, poor communication and 
job insecurity can be detrimental to employee health. Research has unequivocally 
shown that there are negative health and safety outcomes from a work environment 
where employees feel under stress. Unfavourable psychosocial work environments 
may result in stress when work demands are not matched with the resources 
available to workers to cope with them – eventually leading to a deterioration of 
workers’ mental and physical health.  
 
Working in stressful environments can lead to many health problems, with links 
between stress and cardiovascular, psychological, gastrointestinal and 
musculoskeletal health being well documented. Research relating the contribution of 
psychosocial risks to musculoskeletal disorders has been ongoing for several 
decades, but it has not kept pace with the rapid digitalisation of the manufacturing 
workplace we are currently experiencing.  The psychosocial effects of contemporary 
highly automated workplaces where human operators cooperate with a robot or 
smart systems are adding complexity to tasks have not been previously investigated 
(Eurofound 2016a).  
 
This thesis investigates the effects of increased cognitive demands, typical of modern 
automated manufacturing environments, on musculoskeletal health. A prevalent 
cognitive demand within these automated environments is sustained attention, and 
this is a specific focus of this thesis.  
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The structure of the thesis and the major inputs are outlined below: 
 
Chapter 2: Literature review. In this chapter the literature was examined to detail 
the latest research linking psychosocial risks to musculoskeletal disorders, along with 
that pertaining to sustained attention and monitoring in automated environments. 
The opportunities to use novel statistical modelling methods in this regard are also 
reviewed.  
 
Chapter 3: Investigating states of stress as mediators in the relationship between 
psychosocial risks and upper body musculoskeletal complaints in automated 
manufacturing. While many studies linking psychosocial risks to musculoskeletal 
disorders are mentioned in the literature review, none of these are based within 
modern highly automated manufacturing. In this chapter the results of an industrial 
study conducted in highly automated manufacturing companies in Ireland are 
analysed and discussed. Four psychosocial risks, job control, cognitive demand, social 
isolation and skill discretion were measured and linked via stress states to 
musculoskeletal complaints of the neck, shoulder, upper back and lower back using 
structural equation modelling. 
 
Chapter 4: Attention demand and attention supply as predictors of 
musculoskeletal complaints: a structural equation model. This chapter aimed to 
determine if cognitive demands resulting from monitoring or sustained attention 
work in manufacturing industries affected the reporting of musculoskeletal 
disorders. The study measured cognitive demands in the form of attention demand 
and attention supply and examined how these constructs related to neck, shoulder, 
upper back and lower back complaints via the mediator of task engagement.  
 
Chapter 5:  The moderating role of end-tidal CO2 on upper trapezius muscle activity 
in response to sustained attention. The hyperventilation theory of job stress and 
musculoskeletal disorders suggests that hyperventilation (overbreathing) is a 
physiological response to stress which must be present (a mediator) in order for the 
relationship between stress and musculoskeletal disorders to occur. As there is no 
 17 
 
mathematical model available to prove this hypothesis, this chapter investigated if 
hyperventilation was in fact a response that strengthens this relationship (a 
moderator) rather than just being part of it.  
 
Chapter 6: Modelling the effect of sustained attention on upper trapezius muscle 
activity. This is a follow-on experimental study to chapter 5, which investigates if 
attention demand increases muscular activity through inhibition of the 
parasympathetic nervous system and the presence of hyperventilation in 
participants. 
 
Chapter 7: Using a breathing technique to reduce the physiological stress effects of 
sustained attention on shoulder muscle activity. As the two previous experimental 
studies demonstrated that performing attention tasks causes an increase in 
muscular activity, and that hyperventilation augments this relationship, this study 
investigates if and how hyperventilation can be reduced. This study investigated if 
following a simple breathing technique could reduce hyperventilation due to an 
attention task, consequently reducing muscle activity.  
 
Chapter 8 & 9: Discussion & Conclusions. These chapters highlight the key findings 
of the industrial and experimental studies.  They detail the contribution of the 
research to current theoretical models and the implications of the findings for safety 
management within industry. They also outline recommendations aimed at policy 
makers and government bodies. Finally, research limitations are highlighted before 
drawing the principle conclusions from the thesis  
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Chapter 2. Literature Review 
 
The aim of this chapter is to review the literature in relation to recent technological 
advances and the potential impact of these changes on workplace psychosocial 
climates, and Musculoskeletal Disorders (MSDs). The chapter will explain some of 
the links between psychosocial stressors and musculoskeletal disorders. It will 
describe prevalent psychosocial risks in automated manufacturing workplaces, with 
a particular focus on sustained attention as a job demand. The psychophysiological 
responses to stress studied within the thesis i.e. heart rate variability, 
hyperventilation and muscle activity and how they are measured are outlined. The 
subjective questionnaires used to measure stress and psychosocial risks within the 
thesis studies are introduced. Finally, the statistical modelling approaches used to 
link study variables, which include structural equation modelling, mediation and 
moderation are discussed.  
 
2.1 Musculoskeletal disorders 
Musculoskeletal disorders (MSDs) include a wide range of inflammatory and 
degenerative conditions affecting the muscles, tendons, ligaments, joints, peripheral 
nerves, and supporting blood vessels. These include clinical syndromes such as 
tendon inflammations, nerve compression disorders and osteoarthritis, as well as 
conditions such as myalgia and low back pain (Punnett and Wegman 2004). Upper 
limbs (the hand, wrist, elbow and shoulder), the neck and lower back are particularly 
vulnerable to MSDs. 
 
Across the 27 EU Member States, MSDs represent the most common work related 
health disorders accounting for more than half of all occupational diseases reported 
(EUOSHA 2010). At an EU level, it is estimated that up to 2% of GDP is spent on the 
direct costs of MSDs (Bevan 2015). In 2009, the World Health Organization (WHO) 
reported that MSDs accounted for more than 10% of all years lost to disability 
(2009). Over half  of occupational illnesses reported in Ireland are MSDs (Russell et 
al. 2015). Factors contributing to MSDs are force, load, poor postures and repetition 
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at work, vibration, working in cold environments and psychosocial factors. These 
factors may act uniquely or in combination. MSDs are mostly cumulative disorders 
that result from repeated exposure to high or low intensity loads over time.  The 
most reported physical risks at work are exposure to ‘repetitive hand and arm 
movements’ and ‘tiring and painful positions’ with plant and machine operators 
being the group most likely to report them (Eurofound 2016b). These exposures arse 
highly correlated with MSDs.  Psychosocial factors are also emerging as important 
contributors to MSDs. 
 
2.2 Psychosocial Risks  
Occupational factors that give rise to stress are diverse and have been termed 
‘occupational psychosocial factors’. Work-related stress is the response people may 
have when presented with work demands and pressures that are not matched to 
their knowledge and abilities and which challenge their ability to cope (WHO 2003).  
 
Work-related psychosocial risks are considered a new and emerging area of 
occupational safety and health, with awareness of their importance rising (EU-OSHA 
2016). The second European report on emerging risks at work reports that 
psychosocial risks are the most challenging occupational risks to control (EU-OSHA 
2016), and this problem is acknowledged in the European Strategic Framework on 
Health and Safety at Work 2014-2020 (EC 2014). Over one quarter of the European 
population have experienced stress at work (EU-OSHA 2014a), making it the second 
most reported occupational health problem after musculoskeletal disorders. 
Occupational psychosocial factors are defined by Cox and Griffiths (2005)  as ‘the risk 
of detriment to a workers psychological or physical well-being arising from the 
interaction between the design and management of work with the organisational 
and social context’. Occupational psychosocial factors can be listed under the 
following headings: job content, workload, pace, work schedule, environment and 
equipment, job control, organisational structure and function, interpersonal 
relationship at work, role in the organisation, career development and home-work 
interface (ESENER 2012).  
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Other emerging psychosocial hazards have also been identified by EU-OSHA (ESENER 
2012),  including precarious work contracts in an unstable labour market, job 
insecurity, lean production and increased work vulnerability in the context of 
globalisation. Risks for the ageing workforce, long working hours, work 
intensification, high emotional work demands and poor work-life balance were also 
identified as important psychosocial hazards to be addressed in the modern work 
environment.  
 
 There is strong evidence demonstrating the association between physical and 
psychosocial hazards and health at work (Cox et al. 2000b). Prolonged exposure to 
psychosocial hazards has been shown to be associated with a wide range of mental 
and physical health outcomes, including anxiety, depression, suicide attempts, sleep 
problems, back pain, chronic fatigue, digestive problems, autoimmune disease, poor 
immune function, cardiovascular disease, high blood pressure and peptic ulcers 
(Bosma et al. 1998; Stansfeld and Candy 2006; Bonde 2008; Wieclaw et al. 2008; 
Hanson et al. 2009; Nieuwenhuijsen et al. 2010; Cohen et al. 2012).  
 
2.3 Stress models  
The majority of stress research is based on the simple stress-strain relationship 
between environmental stressors and an individual’s responses, known as 
‘interactional models’, i.e. the demand-control model. Interactional models focus on 
the logistic characteristics of the stress process, or which stressors are likely to lead 
to which outcomes in different populations.  The more contemporary ‘transactional’ 
views of stress focus on the dynamic relationship that occurs between individuals 
and their environment in terms of mental and emotional processes (Cox et al. 2000). 
While many models have been developed in an attempt to explain the effects of 
stress at work, the demand-control model (Karasek 1979) along with subsequent 
advancements has probably been the most influential and has been used for many 
decades to explain stress in the workplace.  
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The original demand control model focused on the two psychosocial job 
characteristics: job demands and job control. Job control is sometimes called 
decision latitude (Häusser et al. 2010) and is made up of the sub-factors of decision 
authority (control over work situation) and skill discretion (possibility of using learnt 
skills and competencies). Cox and Griffiths (1995) consider the demand-control 
model an ‘interactional’ model. According to the Karasek model, the probability of 
experiencing work-related stress is highest when workers have a high level of work 
demands while being limited in the extent to which they control the way they carry 
out their job (low job autonomy) (Eurofound 2012). 
 
Studies using the demand-control model have proven that those exposed to high 
levels of demand, along with low control, were disproportionately more likely to 
show increased levels of depression, fatigue, cardiovascular disease and mortality 
(Hakanen et al. 2008; Eller et al. 2009; Häusser et al. 2010). The lowest levels of 
illness were in individuals with moderate to high demands, if they also had high 
levels of job control. Conversely, high job control buffers the negative effect of 
demands on health outcomes. One of the psychological processes related to the job 
demands control model is ‘health impairment’. The health impairment process 
suggests that jobs with chronic job demands (e.g. cognitive overload) exhaust 
employees’ mental resources (Bridger and Brasher 2011) and may therefore lead to 
the depletion of energy, and health problems such as MSDs (Leiter 1993; Demerouti 
et al. 2001).  The job demand-control model relates well to highly automated 
manufacturing environments where operators tend to have high job demands in the 
form of prolonged monitoring work and low autonomy. 
 
Contemporary transactional stress theories take a more universal view of stress. 
Most transactional models are based on Lazarus cognitive-relational approach 
(Lazarus and Folkman 1987). This is a two-step approach where firstly the 
environment produces stressors and secondly the individual appraises and responds 
to these stressors. In the work environment, this relationship is always dynamic. 
Demerouti et al. (2001) developed the Job Demands–Resources model (JD-R) 
expanding the demand-control model but based on a transactional approach. In the 
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JD-R model, demands are aspects of a job that require physical or mental effort, and 
resources are workplace organisational characteristics that help to achieve work 
goals and reduce demands. Where the resources provided by the organisation are 
not adequate to meet the demands, health impairment may result. When job 
demands are high, motivation and work engagement can be improved by providing 
good resources (Bakker and Demerouti 2016). Viewing this theory in relation to 
manufacturing operators in monitoring roles, it suggests that the high demands of 
sustained monitoring work can be counteracted if suitable job resources are 
provided, e.g. training, good job design, adequate level of challenge in tasks etc. 
 
The performance of tasks can be stressful, especially when the task imposes high 
cognitive demand. One way to investigate task stress is to focus on changes in the 
operators’ mental state during the task. For example, stress may be accompanied by 
negative emotions. Researchers have argued that characterising global stress as one 
measure is too simplistic (Szalma et al. 2004; Matthews 2016) and measuring aspects 
of stress such as stress states is a more multidimensional approach. Matthews et al. 
(2002) developed a model based on the transactional stress approach which 
proposes that three stress ‘states’ mediate the relationship between stressors and 
the information processing of an individual. Few studies have mathematically 
modelled the mediating role of these stress states but this approach was taken in 
studies 1 and 2 of the thesis.  
 
These stress states are distress, worry and task engagement. The stress state factors 
represent components of conscious experience during person-task-environment 
transactions and each of these measure different aspects of stress. An emotional 
state may produce a variety of behavioural changes. Matthews developed a 
questionnaire to measure the stress states in individuals, the Dundee State Stress 
Questionnaire (DSSQ) and this has been widely validated (Matthews et al. 1999; 
Matthews et al. 2013). One of the aims of the DSSQ is to allow for measurement of 
the state changes induced by task and environmental stressors and it has proved 
particularly useful in evaluating the stress associated with monitoring or sustained 
attention work (Warm and Washburn 2005; Shaw et al. 2010; Szalma et al. 2014).  
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2.4 Models linking psychosocial risks and musculoskeletal disorders 
 There are several theoretical models dealing with the association between 
psychosocial work environment and musculoskeletal symptoms. Four mechanisms 
between stress and MSDs are considered in these models and related theories. The 
first is through increases in muscle tension that may combine with biomechanical 
strain. The second is through alterations in endocrine, immune, neurological and 
vascular systems that may impair tissue recovery following biomechanical strain or 
impede healing post-injury. The third is through cognitive processes that may affect 
behaviours, e.g. increased likelihood of awkward postures, symptom reporting or 
help seeking. The fourth is due to stress induced by psychosocial conditions usually 
lasting longer than that resulting from physical demands, preventing the individual 
from shutting off their physiological activation and reducing recovery time. Several 
psychosocial pathways to musculoskeletal disorders have been proposed and 
although the following is not an exhaustive list, it provides an illustrative sample of 
mechanisms. 
 
The biopsychosocial approach (Frankenhauser 1991) proposes that the psychosocial 
work environment triggers neuroendocrine responses and these along with a 
persons’ cognitive assessment of the situation combine to impact the health of the 
individual.  
 
Bongers et al (1993) proposed the epidemiological model of work stress based on a 
series of epidemiological studies linking work stress to musculoskeletal disorders. 
They hypothesise that work-related psychosocial factors, along with coping ability, 
inﬂuence work-related stress. Workplace stress then increases muscle activity which 
may contribute to musculoskeletal symptoms via a speciﬁc physiological mechanism 
such as a neuroendocrine pathway. Bongers et al. (1993) also postulate that 
musculoskeletal symptoms may be produced as a result of an enhanced perception 
of symptoms and/or a reduced ability to cope with these symptoms in stressful 
working conditions.  
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Armstrong (1993) proposed the dose-response model. In this model, external 
exposure to work tasks can result in an ‘internal dose’ such as increased tissue loads 
and metabolic demands. These internal doses result in mechanical, physiological or 
psychological changes called ‘internal disturbances’. When sustained doses occur, a 
workers ability to adapt can become compromised and musculoskeletal damage can 
result.  
 
Sauter and Swanson (1996) developed the ecological model. The model is speciﬁc to 
work involving visual display terminals. It posits that psychological strain can impact 
biomechanical strain via inﬂuences on muscle tension, and also moderates the 
relationship between biomechanical strain and outcomes such as symptom 
reporting. 
 
 Feuerstein (1996) proposed a model of work style, that focuses on employee 
responses to psychosocial factors including behavioural changes such as increased 
force and poor postures which may contribute to the development of MSDs. 
 
Faucett (2005) proposed the integrated model of psychosocial risks and 
musculoskeletal disorders. This model integrates psychosocial and biomechanical 
risk factors as characteristics of work environment and emphasizes the role of 
management systems and the work environment as key sources of strain. Strain, as 
indicated by the physiological, behavioural and other responses of the worker, in 
turn influences the onset of MSDs.  
 
The Cinderella theory (Hägg 1991) proposes that the motor units first recruited, the 
Cinderella units stay active as long as the muscle is activated. Hence, even in 
contractions at very low levels as in postural loads or cognitive tasks occurring during 
computer work, these units should be active. These motor units will stay engaged as 
long as the stressful condition is present. In this way stress induced muscle activity 
due to overuse and damage of the Cinderella units can lead to musculoskeletal 
conditions.  
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The hyperventilation theory links stress to musculoskeletal disorders (Schleifer et al. 
2002). Stress-induced hyperventilation (overbreathing) leads to reduced CO2 in the 
blood which may after extended periods have adverse effects on musculoskeletal 
health such as muscle spasms and muscle activity. This theory is expanded further in 
the section on hyperventilation (See 2.10.9). 
 
The differential fatigue theory (Kumar 2001) suggests that muscular fatigue is an 
important component in the development of musculoskeletal injuries. Similarly, the 
cumulative load theory, proposes that cumulative muscle fatigue may reduce the 
threshold of stress at which the muscle tissue becomes injured (Kumar 2001).  
 
Increased stress can lead to increased blood pressure. Increased blood pressure can 
result in a reduction in blood flow to the extremities which may lead to tissue 
damage (Carayon et al. 2001).  Muscle tension can cause high intramuscular blood 
pressure that results in poor blood circulation and tissue damage (Järvholm et al. 
1991).  
 
Knardahls (2002)  postulates that vasodilatation in skeletal muscle tissue during 
cognitive tasks like monitoring work originates from nociceptive (vessel-nerve) 
interactions in the connective blood vessels that supply the muscle.  During a 
psychological challenge, the blood flow of skeletal muscle is elevated compared to 
the resting situation. 
 
Melin and Lundberg (1997b) proposed the biopsychosocial model which links mental 
and physical stressors to MSDs. This model theorizes that mental and physical 
stressors can separately and in combination increase muscle tension. This muscle 
tension may be interacting with physiological stress responses e.g. stress hormones 
such as catecholamine and cortisol. They assert that monotonous and repetitive 
work can lead to delayed unwinding after work, keeping muscle tension and 
catecholamine levels elevated and that sustained physiological reactions workers 
susceptible to MSDs. Demands at home can also add to overall physiological arousal, 
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delaying recovery and ultimately contributing to musculoskeletal problems. They 
argue that demands at home and work can evoke under- as well as over-stimulation 
and that both states are characterized by muscle tension and physiological changes 
that can lead to poorer health outcomes. This model fits well with the scenario of 
operators in monotonous manufacturing roles, monitoring data and systems 
throughout the working shift. Static postures present a physical stressor, and 
monotonous but attention demanding monitoring work is a mental stressor that 
increases muscle tension and catecholamine release. These combined may 
contribute to the development of MSDs. 
 
While all the models and theories developed have merit and are useful in 
understanding the complex interactions between stress and MSDs, two in particular 
were drawn upon as a foundation for this thesis. The industrial surveys in the thesis 
(studies 1 & 2) were based on the biopsychosocial model as it takes monotonous 
work, static postures and limited relaxation time into consideration. The 
experimental studies (3, 4 & 5) were based on the hyperventilation theory. This 
theory focuses on one of the body’s many physiological reactions to stress, 
hyperventilation and links it to changes in muscular health. The biopsychosocial 
model is an over-arching model which links multiple exposures to the development 
of MSDs while the hyperventilation model focuses on one specific mechanism which 
links psychosocial stress to MSDs. 
 
2.5 Scientific studies supporting links between psychosocial risks and 
musculoskeletal disorders  
Numerous studies have proven that there are links between psychosocial stressors 
and MSDs. Psychological stress has been shown to play a significant role in the 
aetiology of musculoskeletal disorders but the precise mechanisms are not fully 
understood. One of the mechanisms proposed is that these stressors increase 
sustained (low-level) muscle activity (Bongers et al. 2006) which in turn may lead to 
muscle injury via overexertion over extended durations. Two pathways may play a 
role. Firstly, muscle activity may be affected indirectly through a change in 
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behaviour or work style in response to stress (increased pace, and more awkward 
and sustained postures) (Harrington and Feuerstein 2010). Secondly, muscle activity 
may be affected directly by specific psychogenic mechanisms (Waersted and 
Westgaard 1996; Waersted 2000).  
 
Psychologically mediated or psychogenic muscle tension is when muscle tension 
occurs independent of biomechanical forces in response to a mental stressor, but it 
may be increased when muscles are already exposed to a biomechanical loading 
(Treaster 2003). Automated manufacturing environments have led to new ways of 
working that may pose sustained low-level mechanical loads on muscle and tendons 
(Knardahl 2005). In the modern work environment with a strong emphasis on 
efficiency and high paced work, it seems likely that the lack of adequate relaxation is 
also an important contributor to sustained muscle activity (Lundberg and Johansson 
2000; Schleifer et al. 2008; Mehta and Agnew 2012aa).  
 
There is substantial evidence of psychologically mediated muscle tension, activity 
and fatigue in response to mental stressors in the literature.  Moreover, many 
studies have shown that specific psychosocial factors have predicted MSDs. In 
particular four psychosocial stressors are mentioned (cognitive demands, job 
control, skill discretion and social isolation) and these were the main focus of the 
industrial survey covered in chapters 3 and 4 of this thesis. While these psychosocial 
factors have been widely researched, few studies have addressed them in the 
context of modern, highly automated environments. 
 
2.5.1 High cognitive job demands  
Job stress in the form of high cognitive demands or mental workload has been 
related to musculoskeletal symptoms in a number of studies. Studies have found 
that elevated mental workload alone may cause increases in muscular activity 
(Lundberg et al. 1994; Waersted and Westgaard 1996). A mental task can have the 
same or greater effect on shoulder muscular activity as a concurrent grip (MacDonell 
and Keir 2005) and cognitive tasks act to increase muscle activity when combined 
with physical tasks (Au and Keir 2007; Mehta and Agnew 2012a). Mehta et al. (2012) 
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found that an increase in mental demands resulted in a faster rate of muscle 
strength decline than an increase in physical demands. High mental demands 
causing psychological stress at work are more likely to affect sleep quality than high 
physical demands (Winwood 2006). 
 
Roman-Liu et al. (2013) found that increased mental demand was linked with 
increased muscular tension in the neck/shoulder region in operators carrying out 
‘supervisory control vigilance’ tasks in automated environments.  
 
Polanyi et al. (1997) in a study among newspaper employees found psychological 
demands to be related to upper limb symptoms, and Jensen et al. (2002) found high 
cognitive job demands to be related to neck symptoms among computer users. 
Bloemsaat et al. (2005) found that increased mental demands resulted in higher 
muscle activity in the arm-shoulder region. 
 
Johnston et al. (2008) indicated that neck muscle activity was increased during 
stressful tasks in computer workers. Blangsted et al. (2004) reported that 
psychosocial loads not only contributed to increased trapezius muscle activity but 
also delayed muscle relaxation. 
 
There is also evidence for psychological job demands being a risk factor in the 
development of low back pain (Latza et al. 2002; Miranda et al. 2002; Johnston et al. 
2003; Ghaffari et al. 2008). High mental demands were also found to be a risk factor 
in the development of neck/shoulder pain in many different occupational settings 
(Miranda et al. 2001; Jensen 2003; Grooten et al. 2004; Juul-Kristensen et al. 2004; 
Shahidi et al. 2013; Robstad Andersen and Westgaard 2014). 
 
Although the terminology alternates between psychological job demands and 
mental demands in previous studies, there is a consensus that cognitive demands 
are a psychosocial risk factor in the development of MSDs. To date, relatively few 
studies have addressed the contribution of cognitive demands to MSDs within 
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modern manufacturing environments, where sustained monitoring work presents a 
substantial cognitive demand. 
 
2.5.2 Low job control 
Many studies have linked low job control to upper limb and back complaints. Sterud 
and Tynes (2013) in a three year longitudinal study, found that low job control was a 
predictor of low back pain. This association has been supported by many other 
studies (Andersen et al. 2007b; Bernal et al. 2015). Low job control has also been 
linked to neck (Andersen et al. 2007b; Bergström et al. 2007) and shoulder pain 
(Leclerc et al. 2004; Werner et al. 2005). 
 
2.5.3 Low skill discretion 
Numerous  studies have shown that skill discretion is a risk factor in the 
development of musculoskeletal disorders including neck symptoms (Ariëns et al. 
2001; Ariëns et al. 2002; Eltayeb et al. 2009; Hooftman et al. 2009), shoulder 
symptoms (Eltayeb et al. 2009; Hooftman et al. 2009) and  back complaints (Jansen 
et al. 2004; Alexopoulos et al. 2008).  
 
2.5.4 Social Isolation 
While there are few studies available linking social isolation to musculoskeletal pain, 
social support a related measure has been widely associated with musculoskeletal 
disorders. Research has related poor social support at work to back pain (Clays et al. 
2007; Tornqvist et al. 2009; Bernal et al. 2015), shoulder pain (Harkness et al. 2003; 
Juul-Kristensen et al. 2004; Luime et al. 2004; Eltayeb et al. 2009; Hooftman et al. 
2009)  and neck pain (Eltayeb et al. 2009; Hooftman et al. 2009).  
 
Cognitive demand is the key psychosocial factor of interest in this thesis as it has 
largely replaced physical demands as the main job demand in the modern 
manufacturing workplace. Job control, skill discretion and social isolation further 
contribute to a poor psychosocial climate in impeding operators’ ability to cope with 
high job demands. 
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2.6 Section 2.1 – 2.3 Summary 
 Musculoskeletal disorders are the most common occupational illness in 
Europe. 
 Stress is the second most reported occupational health problem in Europe. 
 EU-OSHA have reported that new psychosocial factors are emerging in the 
workplace. 
 Psychosocial factors can contribute to musculoskeletal disorders through a 
variety of physiological and behavioural mechanisms which are still being 
explored in research 
 Some psychosocial risk factors which contribute to MSDs, including high 
cognitive demand, low job control, low skill discretion and social isolation are 
prevalent in manufacturing environments.   
 Few studies have focused on psychosocial factors including cognitive 
demands and their contribution to MSDs in modern manufacturing, where 
smart technologies and advanced automation have resulted in high levels of 
system monitoring for operators.  
 
2.7 Automated manufacturing  
Automation has simplified work in many domains by carrying out the so-called 3-D 
tasks, Dull, Dirty, and Dangerous tasks that are monotonous, physically demanding 
or require high levels of mental workload (Nof, 2009). Parasuraman (2000) states 
that  ‘Automation is when a computer can carry out functions that a human would 
normally perform’, which implies that a task is simply performed by a computer 
instead of a human. In reality, automating a task changes it and introduces new 
aspects such as supervision of the task by the human (Woods 1996). Research has 
shown that automation changes human activity and behaviour, resulting in new 
demands on the human operator (Woods 1996; Onnasch et al. 2013).  
 
In spite of the widespread implementation of automation, its adoption is not always 
successful. Problems can arise from the human interaction with the automation, the 
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lack of consideration for human performance and limitations in the design of the 
automated systems (Parasuraman 2000). Automation use in human-machine 
systems depends on a complex interaction of factors that include mental workload, 
situation awareness, trust in automation, self-confidence, and risk (Lee 2006a; 
Hancock et al. 2013). 
 
In the context of the hierarchy of controls in Irish legalisation (SHWWA 2005), 
automation is often regarded a form of hazard elimination for physical tasks 
involving exposure to risk of MSDs. Although automation generally reduces the 
physical workload, it may increase the cognitive workload of the employee. 
Bainbridge (1983) remarked on the irony of the fact that the more advanced the 
control system is, the more important the contribution of the human operator. 
While many manufacturing tasks can now be automated, some cannot and designers 
often leave the operator with the most difficult task because they only have the 
ability to automate the less complex task. Where easier tasks have been automated, 
this leaves the operator with less experience and confidence when dealing with 
more difficult tasks, resulting in a situation where the automation has the effect of 
both reducing the workload during already low workload periods and increasing it 
during high workload periods (Balfe et al. 2015; Young et al. 2015). Although 
automation has eliminated many mundane, repetitive tasks, it has not relieved the 
stress induced by on-the-job decisions as operators still have to intervene in times of 
automation failure (Young et al 2015).  
 
There is evidence that automating tasks can add to the existing psychological 
demands and stressors within a manufacturing environment (Wall and Jackson 1995; 
Mital and Pennathur 2004; Proctor and Vu 2010; de Winter and Dodou 2014). In 
modern manufacturing, fewer operators control large-scale manufacturing processes 
and instead of having hands-on interaction with a machine, the operator has to 
interact with a computer which controls the process. This has changed the role of 
the human operator to a supervisor, undertaking what is known in automated 
systems as supervisory control. Supervisory control requires monitoring activities 
through a computer interface and this is often the modern operators’ core role. 
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Monitoring work requires high levels of sustained attention which is deemed to be 
cognitively demanding for operators.  Recent studies have found this type of work to 
be stressful for humans (Warm et al. 2008b). Automation can also result in reduced 
control over tasks and reduced skills, increased work pace and reduced social 
interaction (Hancock et al. 2013).  
 
Along with increases in the use of automation and robotics, advanced digitalisation 
of manufacturing is also currently taking place. Industry 4.0 and the Industrial 
Internet of Things has resulted in a paradigm change in production technology 
resulting in a shift of focus from the production process to the product itself. Using 
these techniques allows each component in the production process to have an 
identity which instructs the machines on what needs to be done and where it needs 
to be shipped. Since the data (e.g., usage statistics, failures, maintenance) behind 
these processes is complex (i.e. large amount and highly connected), visualization 
systems based on these data become complex as well. One aspect of these 
advancements is the synthesis of physical systems (e.g., robots, production 
machinery) and cybernetic elements (smart information technology, autonomous 
and self-optimizing computing systems), forming novel and increasingly complex 
“Cyber Physical Systems” (CPS)” (Brauner et al. 2016).  The increase in complexity 
due to ‘big data’ (large amounts of highly complex, multi-dimensional, highly 
unstructured data) leads to further challenges around the human-computer 
interface (Valdeza et al. 2015). These include increases in visual, task and cognitive 
complexity. The increasing complexity of tasks in dynamic manufacturing settings 
has been found to negatively influence performance and behaviour (Liu and Li 2012).  
 
The knowledge that technological advancements in manufacturing lead to marked 
changes in the labour market is a popular discussion point  (Frey and Osborne 2017) 
but there is little discussion around the direct health effects of the changes in these 
manufacturing workplaces on employee health. As Pratt (2015) states, ‘specialized 
robots will improve at performing well-defined tasks, but in the real world, there are 
far more problems yet to be solved than ways presently known to solve them’ (Pratt 
2015:52). One outcome has clearly emerged from the technological changes – 
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manufacturing workers are carrying out more monitoring work on computerised 
systems than ever before (Carr 2014). 
 
2.8 Psychosocial factors within automated manufacturing 
 
2.8.1 Job content and design 
Certain aspects of job content are common to automated manufacturing 
environments including underuse of skills, low task variety, repetitiveness in work, 
uncertainty, lack of opportunity to learn and high attentional demands, (Cox et al. 
2000b; Schabracq and Cooper 2000). Three important aspects of job content are job 
demands, job control and skill discretion.  
 
2.8.2 Job demands 
Job demands can be physical, mental or both. Both overload and underload of work 
demands are unfavourable for the employee. Karasek (1979) defined overload as 
occurring when the environmental situation poses demands which exceed the 
individual's capabilities for meeting them. Underload of job demand can be just as 
detrimental to operators as overload. Underload through boredom and drowsiness 
can lead to operators not dealing adequately with task demands (Hancock 2013a). 
Job demands in contemporary manufacturing are likely to be largely cognitive. 
Cognitive demand can be defined as the level of thinking required of employees in 
order to successfully engage with the task, or a workers’ perception of work 
performance and work difficulty (Rothmann and Cooper 2015).  The mental 
workload required by the task contributes to the cognitive demand. The term 
“mental workload” refers to the “fit” or extent of the gap between task demands 
and a persons’ ability, when motivated to cope with these demands (MacDonald 
2003). Mental workload demands can have multiple facets, such as time pressure or 
task complexity, memory demands and performing multiple tasks simultaneously. 
There may be resources available, e.g. other team members, or technological 
support to meet the demand. The trade-off between demands and resources has 
different effects on human operators, sometimes causing stress. Resources in the 
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context of monitoring automation are likely to be attentional resources and mental 
workload is dependent on the resources available to meet the task demands (Young 
et al. 2015).  
 
Eurofound surveys (2005-2015) have detailed an overall increase in what they term 
the ‘cognitive dimension’ of work (solving problems, complex tasks, learning new 
things, work with technology and applying own ideas). The cognitive process 
employed in the monitoring of automated systems is known as vigilance or sustained 
attention. High attentional demands were identified by Cox et al. (2000b) as one of 
the potentially hazardous aspects of job content. 
 
2.8.3 Sustained attention 
Vigilance has been used by humans since prehistoric times to watch out for danger 
or while hunting prey to eat. Vigilance refers to the ability of organisms to maintain 
their focus of attention and to remain alert to stimuli over prolonged periods of time 
(Molloy and Parasuraman 1996). Vigilance is also  termed ‘sustained attention’ which 
describes a fundamental component of attention based on a person’s readiness to 
detect rarely and unpredictably occurring signals over periods of time (Sarter et al. 
2001). Sustained attention represents a basic attentional function that determines 
the effectiveness of the ‘higher’ aspects of attention (selective attention, divided 
attention) and of cognitive capacity in general. Sustaining the focus of ones attention 
over long periods can be challenging especially when watching for a possible but 
unlikely event that can have serious consequences, e.g. plant accident, product 
failures. 
 
The key findings in vigilance research are that vigilance performance declines over 
time, generally within 25 to 30 minutes of the task beginning (Teichner 1974) and 
that humans are not good at vigilance tasks. This deterioration in performance over 
time has become known as the vigilance decrement. The capacity to sustain 
attention has been considered to represent a limited cognitive resource and several 
variables have been shown to tax sustained attention performance. These include a 
high frequency of events that have to be tracked, the unpredictability of occurrence 
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of an event, how dynamic the stimulus is (variable durations/luminance), if the task 
puts demands on working memory and displays signals with symbolic significance 
that require further cognitive processing (e.g. chemical symbols). Cognitive 
engineering literature has highlighted the causes of vigilance decrements which 
include lack of operator sensitivity to signals (Parasuraman and Davies 1977), 
overtrust in computer systems (Lee and See 2004) and a decrease in situational 
awareness (Endsley 1988). Several studies have shown that workplace accidents 
have been caused by vigilance failures in semi-automated systems (Molloy and 
Parasuraman 1996). Traditionally, vigilance decrement was thought to occur as a 
result of diminished arousal of human cognitive functioning due to the monotonous 
nature of the vigilance tasks.  
 
This approach to understanding vigilance is based on the view that it promotes 
mindlessness, that is, the repetitive and monotonous nature of vigilance tasks leads 
observers to withdraw attention over time. Consequently, as time progresses, an 
automatic, or “mindless,” approach to the task is taken  (Robertson et al. 1997; 
Manly et al. 1999).  When the mind wanders, attention is transferred from the 
external environment and redirected toward internal thoughts (Smallwood et al. 
2007; Schooler et al. 2011). 
 
The work of sustained attention can also be explained using attentional resource 
theories. These theories make a common basic assumption about performance: if 
demands exceed resource capacity, performance degrades. In the original capacity 
model of attention, Kahneman (1973) suggested that attentional capacity was 
positively associated with physiological arousal and alertness. Most applied research 
on attention has assumed that the size of attention resource pools is fixed (Wickens 
1984; Wickens et al. 2015). This approach to understanding vigilance is linked to 
mental workload - the degree of information processing capacity that is expended 
during task performance.  These theories have evolved into the resource depletion 
hypothesis (Warm et al. 1996). This hypothesis posits that the amount of resources 
depleted depends on the time required to focus attention on the task and on task 
type (Caggiano and Parasuraman 2004). When resources become too low, and 
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insufficient attention is directed towards the tasks, the operator has reduced ability 
to monitor the task adequately, which may become a source of stress (Thomson et 
al. 2015). 
 
Numerous experimental studies have supported the depletion hypothesis in 
establishing that sustained attention is stressful for humans (Szalma et al. 2004; 
Finomore et al. 2008; Warm et al. 2008b; V. Finomore et al. 2009). It has also been 
reported that stress hormones (epinephrine and norepinephrine) are elevated 
during sustained attention tasks (Frankenhaeuser 1976; Lundberg and 
Frankenhaeuser 1980; Lundberg 2005). Physiological measures used to prove that 
sustained attention tasks are stressful include skin temperature (Romeijn and Van 
Someren 2011), electrodermal activity (Collet et al. 2005), heart rate variability 
(Kaida et al. 2007), blink rate (McIntire et al. 2014) and EEG (Berka et al. 2007). 
Matthews et al. (1999) using the Dundee State Stress Questionnaire (DSSQ)  showed 
that vigilance tasks lead to a loss of task engagement and an increase in feelings of 
distress, and that these changes increase as task difficulty increases. In addition, 
experiments using the subjective mental workload scales,  the Multiple Resource 
Questionnaire (Finomore et al. 2008), and  NASA-TLX  (Finomore et al. 2013) 
demonstrate that vigilance tasks are highly mentally demanding. As sustained 
attention is a prevailing job demand in modern manufacturing which poses high 
levels of cognitive demand, it could be viewed as a psychosocial stressor.  
 
2.8.4 Job control 
Numerous studies have found that autonomy at work reduces stress levels for 
workers and increases their job satisfaction (Semmer 2006); Kalleberg et al. (2009); 
(Macfarlane et al. 2009). Only one-third of European plant and machine operators 
are involved in decisions that affect their work. This group have little influence over 
the speed of the work, order of tasks and changes to methods (Eurofound 2016b).  
 
In general, automated manufacturing has reduced the job control of operators. De 
Witte and Steijn 2000) found in their study of blue-collar workers that a trend of 
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what they term ‘internal differentiation’ exists, where automation decreases the 
worker autonomy and increases the complexity of the job.  
 
Modern production processes with tight scheduling demands, and data monitoring, 
where each step of the product manufacture is recorded by electronic systems, 
results in diminished task control for operators (Arntz 2016). Often the human 
operator monitors the automated system but has little control over it. Factors that 
specifically affect job control in automated environments include the 
unpredictability of the automation and being ‘out of the control loop’. 
Unpredictability refers to the inability of the human to know exactly what the 
automation will do and when. It is a direct consequence of the human not being in 
control of the automation (Miller and Parasuraman 2007). In addition to this when 
the operator is out of the control loop, their understanding of the process and the 
technology is diminished leaving them with less ability to take manual control of the 
system when necessary (Endsley and Kiris 1995).  
 
Another factor that impacts job control is that of work intensity, which includes work 
pace and time demands. Work pace is an issue in automated production work as the 
pace is rarely set to ‘fit’ the needs of the individual. Recent European Working and 
Living Conditions surveys have noted an increase in the trend of ‘work intensity’ in 
Europe (Eurofound 2012; Eurofound 2016b). The 2015 survey developed a work 
intensity index (working at speed and to tight deadlines, not having enough time to 
do the job; frequent disruptive interruptions; pace determinants and 
interdependency; and emotional demands). The index was devised on the basis that 
if workload is very high, and if the job absorbs too much mental and physical energy, 
or if the job requires juggling various demands, it becomes difficult to perform tasks 
effectively. One of the highest levels of quantitative work demand was reported by 
industrial sectors in Europe, with plant and machine operators being the second 
most likely occupational group to report above average levels of work intensity 
(Eurofound 2016b). It is therefore possible that increases in work intensity have been 
influenced by the continued automation and digitalisation of manufacturing 
industry, although research confirming this has not yet been published.  
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2.8.5 Skill discretion and task variety 
Skill discretion refers to the breadth of skills available on the job and is linked to job 
control (Robert and Töres 1990). Increased use of automation in industry has led 
some researchers to claim that automating work practices leads to deskilling workers 
(Smith and Carayon 1995; Gallie et al. 2003). A recent OECD (Organisation for 
Economic Co-operation and Development) report found an overall decline in skill 
demands for blue collar workers (Handel 2012). Skill discretion is considered a key 
work characteristic because it can impact the effectiveness of manufacturing 
operations (Holman 2013) through its influence on psychological and physical well-
being, job satisfaction, skill development and job performance (Humphrey et al. 
2007; Eijckelhof et al. 2013). Low skill discretion or lack of opportunities for 
development is typical for plant and machine operators in industrial environments 
(Eurofound 2016b). A lack of challenge, low variety and under use of skills can lead 
to physical and mental health problems (Cox and Griffiths 2005). In a review of 
longitudinal studies, Hauke et al. (2011) illustrate where low skill discretion had 
significant effects on the risk of onset of MSDs. 
 
2.8.6 Social isolation 
Social isolation of employees may arise in contemporary manufacturing 
environments as the nature of the work may reduce opportunities for social 
interaction. Highly automated processes usually require a low number of employees 
to supervise the process. This coupled with high levels of sustained attention 
required to monitor the automation and a high level of work intensity may result in 
limited social interaction among work colleagues. The current evidence indicates 
that adults who feel socially isolated are also characterized by higher levels of 
anxiety, negative mood, dejection, hostility and perceived stress, and by lower levels 
of optimism, happiness, and life satisfaction (Cacioppo et al. 2000; Cacioppo et al. 
2002).  
 
While the literature relating to social isolation in the workplace is limited, the effect 
of social support in work environments has been well documented (Viswesvaran et 
al. 1999; Heaney and Israel 2008; Thoits 2011). Good social support means that an 
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individual exposed to a stressor will have colleagues to provide assistance, support 
or comfort, buffering the effect of the stressor to some extent (Cohen and Wills 
1985). A recent Eurofound survey reported that social support is not prevalent in 
industrial environments with plant and machine operators reporting the lowest 
social support scores of any occupation  (Eurofound 2016b). 
 
2.8.7 Task engagement  
Task engagement correlates with job performance in demanding attention tasks. It 
signals a commitment to the investment of effort in a task (Matthews et al. 2002). 
Factors which show high task engagement include challenge, task interest, personal 
control and positive feedback. Factors of low task engagement include monotony, 
long task duration, system automation and passive fatigue (Matthews et al. 2013). 
Studies confirm that task engagement is a predictor of good performance on 
sustained attention tasks (Langheim et al. 2007; Helton et al. 2008). Automation 
tends to disengage the operator from the system resulting in a poorer understanding 
of the process and impacting the level of motivation. Less engaged employees are 
likely to view their work as uncontrollable and unchallenging. Disengagement can 
result in a decline in performance efficiency through the depletion of attentional 
resources (Matthews 2000; Helton et al. 2005b; Helton et al. 2010; Helton and 
Russell 2011). 
 
Helton et al (2008) found that the effect of increasing workload resulted in enhanced 
task engagement. It has also been shown that task engagement is dependent on 
resource availability (Reinerman et al. 2006) suggesting that when cognitive 
resources are depleted during monitoring tasks in accordance with the attention 
resource theory, task engagement is consequently lowered. Although low task 
engagement is a negative construct that is synonymous with monitoring automation, 
its role in the relationship between sustained attention and MSDs has not yet been 
studied.   
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2.9 Section 2.4-2.5 Summary 
 Manufacturing industry has become increasingly automated. 
 Many psychosocial risks exist in automated environments, including job 
control, job demands, skill discretion and social isolation. 
 In terms of job demands, cognitive demands are more prevalent than 
physical demands in many highly automated industries. 
 A major source of cognitive demands in modern manufacturing is monitoring 
work. 
 Although sustained attention has been found to be stressful, it has not been 
described as a psychosocial stressor in the literature to date. While sustained 
attention is a prevalent cognitive demand in modern manufacturing, its 
contribution to MSDs has not yet been investigated.   
 
2.10 Physiological responses to psychosocial stress 
This section looks at the bodys’ reactions to stress, with a particular focus on three 
specific physiological responses. These are muscle activity, heart rate variability and 
hyperventilation, which have direct relevance to the experimental studies completed 
for this thesis. Hyperventilation, decreased heart rate variability and increased 
muscle activity occur in response to stress. Increased muscle activity is a risk factor in 
the development of musculoskeletal disorders. Hyperventilation and decreased 
heart rate variability are proposed as mechanisms by which this increased in muscle 
activity due to stress may occur.  
 
2.10.1 The biological mechanism of stress 
If we judge a situation as being stressful, the hypothalamus in the brain is alerted. If 
the stress is perceived to be acute, the sympathomedullary system is activated by 
the hypothalamus. The adrenal medulla is then stimulated to secrete adrenaline, 
which is known as the ‘fight or flight’ hormone that helps the body in times of 
danger. The physiological mechanisms that result include: increased heart and 
breathing rates, reduced activity in the stomach, reduced saliva production, dilation 
of pupils and release of glucose into the bloodstream to provide energy. The 
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hypothalamus communicates with the rest of the body through the autonomic 
nervous system, which controls involuntary body functions (breathing, blood 
pressure, heartbeat, and the dilation or constriction of key blood vessels). The 
autonomic nervous system has two components, the sympathetic nervous system 
and the parasympathetic nervous system. The sympathetic nervous system triggers 
the ‘fight-or-flight’ response, providing the body with increased energy so that it can 
respond to perceived dangers. The parasympathetic nervous system acts like a 
brake. It promotes the ‘rest and digest’ response that calms the body down after the 
danger has passed (Lovallo 2015). 
 
If the stress is chronic, the Hypothalmic Pituitary Adrenal system is activated. In this 
case, the hypothalamus directs the pituitary gland to release the hormone ACTH 
(adrenocorticotrophic hormone) which acts on the adrenal cortex to release 
corticosteroids. These hormones act on the liver releasing stored glucose, 
maintaining a ready supply of fuel for the body and suppress the immune system. 
Activation and effects of the long-term stress response are similar to those of the 
short-term, however maintaining a raised heart and breathing rate, inhibited 
digestion and increased muscular activity over prolonged periods of time have 
negative health consequences (Cooper 2013). 
 
2.10.2 The muscular response to stress  
Humans have three types of muscles. Skeletal muscles are the voluntary muscles 
that allow us to move around. Involuntary smooth muscles in the walls of the organs 
are controlled by the autonomic nervous system. Cardiac muscles have properties in 
between those of skeletal and smooth muscles. All types of muscle respond to 
stressors. During a threat, when the sympathetic nervous system triggers a ‘fight or 
flight’ reaction, extensive muscular activity is required of the skeletal muscles in 
order to fight or run away. The activity of the cardiac muscle increases and smooth 
muscles in peripheral blood vessels are constricted. One muscle in particular, the 
upper trapezius muscle in the shoulder has proved particularly sensitive to cognitive 
stressors. 
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2.10.3 The upper trapezius muscle 
The upper trapezius muscle is a skeletal muscle which extends from the neck to the 
shoulder. This muscle acts in stabilizing the shoulder blade and shoulder girdle 
enabling hand and arm movements (Muscolino 2016).  The upper trapezius muscle is 
the muscle of focus in this thesis as it has been well documented that its activity 
increases upon exposure to psychosocial stressors. 
 
Increases in shoulder muscle activity have been linked to mental demands 
(Waersted et al. 1991; Sjøgaard et al. 2000; Nimbarte et al. 2012; Shahidi et al. 2013; 
Wijsman et al. 2013). The upper trapezius muscle has been found to be more 
sensitive to fluctuations in mental demand than other muscle groups (Wang et al. 
2011b; Mehta and Agnew 2012a; Mehta and Agnew 2012b). Waersted and 
Westgaard (1996) found that the upper trapezius muscle was sensitive to changes in 
attention, and activity in this muscle also increases with visual demands (Richter et 
al. 2015).  Some studies have also indicated that this muscle is more difficult to relax 
after task completion than others making it more susceptible to injury (Johnston et 
al. 2007; Willmann and Bolmont 2012; Mehta and Agnew 2012b) .  
 
2.10.4 Measurement of muscle activity 
Muscle activity can be measured using ElectroMyoGraphy (EMG), i.e. recording the 
electrical signals related to the contraction of muscle fibres (the myoelectrical 
signal). Muscle activity can be recorded using surface EMG, i.e. applying electrodes 
to the surface of the skin above superficially located muscles (e.g. the trapezius 
muscle) or inserting electrodes into a muscle as in intramuscular EMG. Surface EMG 
is a more global measure, reflecting the activity in the muscle as a whole while 
intramuscular EMG has the potential to record the activity in single motor units very 
close to the insertion of the electrodes inside the muscle. The former method is 
widely used in ergonomic studies. 
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2.10.5 The cardiovascular system 
The basic function of the cardiovascular system is to provide oxygen and nutrients to 
all tissues in the body. In addition, hormones and other substances are transported 
by the blood throughout the vascular system and metabolic wastes are removed. 
The heart has its own intrinsic rate of about 70-100 bpm due to the pacemaker 
located in the sinoatrial node in the wall of the right atrium. The Autonomic Nervous 
System (ANS, controlling temperature, digestion, blood pressure and initiation of 
stress reactions) has an external impact on heart rate by descending nerve impulses 
from the brain to the sinoatrial node. The ANS consists of two branches – the 
sympathetic nervous system (SNS) and the parasympathetic nervous system (PNS, 
vagal system). These two branches have a complementary and reciprocal role on 
heart activity and fluctuations in heart rate are dependent on the ANS/PNS balance 
(sympatho-vagal balance). An increased heart rate can be as a result of a decrease in 
PNS activity, an increase in SNS activity or a combination of the two (Hall 2015). In 
relaxation, the PNS is dominant (Taelman et al. 2009), but when faced with stress 
e.g. caused by a psychosocial stressor in the workplace, the SNS takes over (Togo and 
Takahashi 2009). 
 
2.10.6 Heart rate variability 
Since both branches of the autonomic nervous system (ANS and PNS) participate in 
heart rate regulation, heart rate variability as opposed to heart rate is used to show 
the underlying neural influences related to heart rate alterations.  Heart rate 
variability (HRV) refers to spontaneous fluctuations in heart rate over time due to 
both internal and external processes. It is also referred to as the interbeat interval. 
Heart rate normally fluctuates with respiration: during inspiration the heart rate 
increases and during expiration the heart rate decreases, a process known as 
respiratory sinus arrhythmia that reflects the parasympathetic or vagal modulation 
of the heart (Yasuma and Hayano 2004).  
 
Psychosocial stress also elicits changes in heart rate variability because stress alters 
the function of the autonomic nervous system towards sympathetic predominance. 
Stress causes a decreased HRV, i.e. the heart beats faster under stress (Bozhokin and 
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Shchenkova 2008). Numerous studies have demonstrated that mental stress 
decreases total HRV (Hjortskov et al. 2004; Taelman et al. 2009; Boonnithi and 
Phongsuphap 2011; Thayer et al. 2012), in particular high-frequency HRV which 
reflects the actions of the parasympathetic nervous system (Thayer and Sternberg 
2010). High-frequency (HF) HRV decreases under conditions of acute time pressure, 
emotional strain or increased anxiety, which is likely to be related to focused 
attention and motor inhibition (Nickel and Nachreiner 2003; Fairclough and Houston 
2004; Jönsson 2007). Psychosocial load has been associated with low HF power 
(Togo and Takahashi 2009). 
 
2.10.7 Measuring heart rate variability 
Heart rate variability can be measured by analysing the temporal relationship 
between successive heart beats. Conventionally, this signal is measured by 
electrocardiography. An alternative method which is growing in popularity is 
photoplethysmyography (PPG). PPG is an optical technique which records changes in 
the flow of microvasculature of peripheral tissues. PPG uses a single optical sensor 
with a near-infrared emitter and detector integrated into a probe, which can be 
readily placed on the forefinger or earlobe.  Lu et al (2009) confirm that PPG 
provides accurate interpulse intervals from which HRV measures can be accurately 
derived from healthy subjects in ideal conditions. This method reveals different 
frequency components in the HRV spectrum. The high-frequency (0.015-0.40) Hz 
component is of particular interest to this thesis as it reflects the respiratory 
influences on the heart and is therefore considered to reflect the parasympathetic 
(vagal) modulation of the heart.  
 
2.10.8 Respiratory system 
The primary function of breathing involves the biomechanical action of the 
respiratory pump, moving air into and out of the lungs along with maintenance of 
correct arterial oxygen (O2) and carbon dioxide (CO2) levels and regulation of the 
body’s pH. Breathing also has secondary functions. For example, breathing affects 
motor control and postural stability and plays several roles in physiological and 
psychological regulation. Breathing can influence homeostatic functions in other 
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systems including the autonomic nervous system, the circulatory system and 
metabolism. It is also thought to have important functions in self-regulation of stress 
and emotion. Numerous studies have shown that conscious control of breathing 
improves anxiety, depression and panic disorder (Ley 1994; Brown and Gerbarg 
2005). Breathing influences sympatho-vagal balance and can produce short term 
amplification of parasympathetic activity during a stressful task (Nogawa et al. 2007). 
Regular practice of slow controlled breathing has also been shown to increase 
parasympathetic activity and reduce sympathetic activity (Pal and Velkumary 2004). 
Breathing techniques to improve the state of body and mind have been used for 
centuries (Benson et al., 1974). Breathing interventions that included paced 
breathing (slow and deep breathing) were found to be beneficial in several medical 
conditions. These include stress (Lucini et al. 2009), anxiety (Clark and Hirschman 
1990), asthma (Lehrer et al. 2004), chronic hyperventilation (Grossman et al. 1985), 
and congestive heart failure (Parati et al. 2008) . 
 
There are close links between breathing and musculoskeletal function. Many 
muscles of respiration have key posture functions and are important for motor 
control and stability of the spine, neck and shoulder girdle. Primary respiratory 
muscles such as the diaphragm (Hodges and Gandevia 2000) are important for 
postural support and movement. In the upper body, muscles such as the trapezius, 
sternomastoid and pectoral muscles whose primary function is to move the neck and 
shoulder girdle, become involved in breathing when respiration or posture is faulty 
or when the ventilatory needs of the body increase (Kapreli et al. 2008). 
 
2.10.9 Hyperventilation 
When exposed to stressful conditions such as prolonged monitoring tasks at work, 
the breathing pattern adjusts. The respiration rate and minute volume increase and 
respiration shifts from diaphragmatic to thoracic which is known as overbreathing or 
hyperventilation. Hyperventilation is defined as breathing in excess of metabolic 
demands, which results in alveolar and arterial hypocapnia or depletion of CO2 
(Comroe 1974; Gravenstein et al. 1995).   
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The tendency to hyperventilation, like other abnormal breathing behaviours, can 
become habitual or conditioned over time. Conditioning has been proposed to be 
one of the more important factors that perpetuates hyperventilation (Ley 1999; Jack 
et al. 2003). Chronic hyperventilation increases the amount of carbon dioxide 
exhaled, leading to respiratory alkalosis (plasma pH>7.45). The change in pH triggers 
physiological changes that have adverse effects for muscle health which is the basis 
for the hyperventilation theory linking job stress to musculoskeletal disorders 
(Schleifer et al. 2002) as described in Section 2.4 of this thesis. A change in pH will 
cause the loss of CO2 ions from motor and brain stem neurons, resulting in excitation 
of motor neurons and consequently increased muscular tension and spasm (Schleifer 
et al. 2002). Peripheral vasoconstriction of the upper extremity muscles can also 
occur with a possibility of tissue damage due to inadequate muscle oxygenation in 
the long-term. If prolonged, hyperventilation will eventually reduce the bodys’ 
alkaline buffering system below levels required to maintain everyday physical 
activities. Under these conditions, even light physical work can compromise the 
body’s ability to prevent the build-up of metabolic products in muscle tissue 
resulting in muscular aches pains and fatigue (Nixon 1995).  
 
2.10.10 Measuring hyperventilation 
Carbon dioxide (CO2) levels can be measured using capnography, a process of 
continually recording the level of CO2 in expired air by infrared spectroscopy. The 
percentage of CO2 at the end of expiration, called end-tidal CO2 (PetCO2), gives a 
close approximation of the alveolar CO2 concentration which in turn reflect arterial 
levels of CO2 (Nagler and Krauss 2008). The partial pressure of arterial carbon dioxide 
(PaCO2) reflects the balance between the production and elimination of carbon 
dioxide. Normal breathing corresponds to end-tidal CO2 concentrations of 5% (i.e., 
35–45 mmHg). Hyperventilation is deﬁned by a reduction in PaCO2, even when the 
CO2 concentration remains in a normal range (Lum 1976).  Another method used to 
measure PaCO2 is transcutaneous monitoring, carried out via application of an 
infrared transducer applied to the skin. Due to the time delay within this technology, 
this method is not suitable to detect rapid changes in CO2 (Meuret and Ritz 2010). 
PetCO2 was measured by capnography within the experimental studies in this thesis. 
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2.11 Section 2.6 Summary 
 Exposure to a psychosocial stressor results in activation of the sympathetic 
nervous system and a ‘fight or flight’ reaction. 
 Activation of the sympathetic nervous system results in increased muscular 
activity, an increase in heart rate, a decrease in heart rate variability and a 
respiratory response called hyperventilation. 
 Heart rate variability measurement within the high frequency spectrum is a 
good indicator of stress due to mental workload.  
 Hyperventilation (measured with PetCO2) has also been shown to be an 
accurate measure of mental stress. 
 Hyperventilation was proposed previously as a physiological mechanism 
mediating job stress and musculoskeletal disorders but this mediating role 
has never been proven scientifically.  
 
2.12 Assessment of psychosocial risks in occupational contexts 
 
There are a number of validated methods that can be used to measure psychosocial 
risks in the workplace. The most popular include the job content questionnaire (JCQ), 
the NIOSH job stress questionnaire, the occupational stress index (OSI) and the 
Copenhagen psychosocial questionnaire (COPSOQ). The Dundee State Stress 
Questionnaire (DSSQ) along with a shorter version of this, the Short State Stress 
Questionnaire (SSSQ) are used to measure most specific aspects of stress rather than 
the psychosocial risks themselves. The COPSOQ and the SSSQ were chosen for 
inclusion in this thesis. Along with this, the Situational Awareness Rating Test (SART) 
was selected to measure aspects of attention. Measuring attention on the basis that 
it is a psychosocial stressor which contributes to musculoskeletal system damage is 
one of the novel aspects of this thesis.  
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2.12.1 Copenhagen psychosocial questionnaire (COPSOQ) 
The original Copenhagen Psychosocial Questionnaire (COPSOQ I) was developed in 
1997 to provide a validated questionnaire to assess a broad range of psychosocial  
factors in workplaces (Kristensen and Borg 2003). An updated version, COPSQ II 
(Pejtersen et al. 2010) is  also  available and has proved to be a widely popular tool 
for assessing workplace psychosocial risks internationally (Nübling et al. 2014). The 
development of COPSOQ II resulted in a questionnaire with 41 scales and 127 items. 
Most COPSOQ questions were taken from already existing and well approved and 
validated instruments, i.e. ‘Job Content Questionnaire’ (Karasek et al. 1998) and the 
‘Whitehall II Study’ (Head et al. 2006). Scales from COPSOQ I (social isolation) and 
COPSOQ II (job control, cognitive demand and skill discretion) were included in the 
industrial study covered in Chapter 3.  
 
2.12.2 Short state stress questionnaire (SSSQ) 
A version of the previously discussed 90-item DSSQ was developed for use in 
industrial settings, known as the short state stress questionnaire (SSSQ) (Helton 
2004a; Guznov et al. 2010; Guznov et al. 2011). This shorter version also measures 
the three stress states, distress, worry and task engagement, but has just 24 
questions. The distress factor measures combined high tension and low hedonic 
tone (unhappiness), with low confidence and control. The worry factor is measured 
only in the cognitive domain with its most consistent markers being self-focus, low 
self-esteem, task-irrelevant interference and poor concentration. Task engagement 
is measured by energy, motivation and concentration, and to a lesser extent by 
hedonic tone (happiness) and suppression of task irrelevant interference. Low scores 
in this factor were found to indicate fatigue and apathy. The SSSQ has been 
employed in performance contexts (Carretta and French 2012; Pfaff 2012; Pirzadeh 
and Pfaff 2012), and although there are slight differences in how the stress states are 
constructed, the overall results appear similar to the DSSQ. The SSSQ was used as 
part of the industrial survey questionnaire to measure the stress states experienced 
by the operators, which is discussed in Chapters 3 and 4. It was also used to measure 
the stress associated with an attention task as outlined in Chapter7. 
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2.12.3 Situational Awareness Rating Test (SART) 
Sustained attention is usually measured in experimental settings using validated 
tests which were designed to measure sustained attention, e.g. the Sustained 
Attention to Supply Test (SART) or the Abbreviated Vigilance Test (AVT) which are 
detailed further in Chapter 5 and 6. A search of the literature did not reveal a 
validated questionnaire to measure sustained attention in industrial settings. The 
Author therefore employed subscales from a situational awareness questionnaire – 
the SART test in an attempt to measure levels of attention demand and attention 
supply in a group of industrial operators. This is detailed further in Chapters 4 and 6 
of this thesis.  
 
Situational awareness (SA) is the term given to the awareness that an individual has 
of a situation, an operators understanding of ‘what is going on’ (Endsley, 1995a). 
One consequence of monitoring automated processes as opposed to manually 
operating a system is that of lowered situational awareness (Kaber and Endsley 
2004). Although distinct concepts, situational awareness and mental workload are 
inherently linked (Wickens 2001). Two of the three subscales within the SART 
method focus on two separate measures of attention: attention supply and 
attention demand. There is a strong mental workload component in both these 
subscales with SART and the NASA-TLX mental workload scale being highly 
correlated (Selcon et al. 1991). Attentional demand refers specifically to the demand 
placed on attention resources and encompasses the instability, variability and 
complexity of the situation. This subscale is similar to the mental effort load subscale 
of the Subjective Workload Assessment Technique (SWAT) which measures 
complexity of a task based on its uncertainty, unpredictability and unfamiliarity (Reid 
and Nygren 1988; Rubio et al. 2004). The attention supply dimension measures 
arousal, spare mental capacity, concentration, and division of attention, constructs 
which are all linked with mental workload performance measures (Vidulich and 
Tsang 2012). The attention demand and attention supply subscales therefore 
measure different aspects of workload required by attention tasks.  
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2.13 Section 2.7 Summary 
 The Copenhagen Psychosocial Questionnaire is one of the most popular 
survey tools used to measure psychosocial risks. 
 The Short State Stress Questionnaire, a shortened version of the Dundee 
State Stress Questionnaire has been used to measure specific states of stress 
for sustained attention work. 
 Two subscales of the Situational Awareness Rating Test were used to 
measure the demands on attention and the supply of attention, measures 
closely linked to sustained attention.  
 
2.14 Statistical modelling of psychosocial risks  
When investigating the mechanisms that occur between an independent (e.g. 
sustained attention) and dependent variable (muscle activity), it is often necessary to 
include a third or fourth intervening variable (e.g. distress) within the relationship. 
These intervening variables are known as mediating or moderating variables. It is not 
possible to investigate these more elaborate pathways using standard statistical 
regressional techniques. Modelling mediation and moderation pathways, where 
there is one independent and one dependent variable, is often based on multiple 
ordinary least squares regression. Relating multiple independent variables 
(psychosocial risks) to several dependent variables (musculoskeletal complaints) via 
mediation or moderation pathways is a more complex undertaking and cannot be 
achieved using basic statistical techniques. Structural equation modelling can be 
used in this circumstance. The use of mediation and moderation models in relation 
to the variables of interest is proposed as a key novelty employed in this thesis as we 
unaware this has been done previously. 
 
2.14.1 Mediation and moderation 
Mediation and moderation are theories for reﬁning and understanding a causal 
relationship. A mediator is a third variable that links a cause and an effect. A 
moderator is a third variable that modiﬁes a causal effect. Cox and Ferguson (Cox 
and Ferguson 1994) define the different processes as: ’A mediator variable is one 
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that is responsible for the transmission of an effect, but does not alter the nature of 
that effect’ and ‘A moderator variable is one whose presence or level alters the 
direction or strength of the relationship between two other variables’. 
 
A variable functions as a mediator by accounting for the relation between the 
independent and dependent variables (Baron & Kenny, 1986). In other words, in a 
simple mediation model, the independent variable is presumed to cause the 
mediator, and in turn, the mediator causes the dependent variable. For this reason, 
a mediation effect is also termed an indirect effect, surrogate effect or intervening 
effect (Wu and Zumbo 2008). Mediation can either be complete or partial. Complete 
mediation means that the total effect an independent variable has on a dependent 
variable can be attributed to the mediating variable, i.e. when the effect transmitted 
through the mediating variable is taken into account, no effect of the independent 
variable on the dependent variable remains. Partial mediation means that some, but 
not all, of the effect of the independent variable on the dependent variable can be 
attributed to the mediating variable, i.e., over and above the effect transmitted 
through the mediator, the independent variable also has a direct effect on the 
dependent variable. This effect could either constitute a direct effect of the 
independent variable on the dependent variable, or an effect mediated by some 
other variable not included in the analysis (Baron and Kenny 1986).   
 
A variable functions as a moderator to the extent that it affects the relation 
(direction and/or strength) between an independent and a dependent variable 
(Baron and Kenny 1986). Basically, a moderator modiﬁes the strength or direction 
(i.e., positive or negative) of a causal relationship. A suitable analogy for a moderator 
is a dimmer switch that adjusts the strength at which one can turn on the lighting. 
 
A moderator and a mediator can be combined in more complex models to give 
moderated mediation models (detailed in Chapter 6), and mediated moderation 
models. The moderated mediation model hypothesizes that the mediation effect, 
which is responsible for producing the effect of the independent variable on the 
dependent variable depends on the value of the moderator (Preacher et al. 2007). 
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This type of model is primarily mediational and will not work without a significant 
mediator. The moderator has a secondary role in explaining the mediation effect. 
 
To determine when the moderator has the most effect on the relationship, 
techniques such as simple slopes or Johnson-Neyman plots can be used. Simple 
slopes are the regression slopes of the independent variable on the dependent 
variable at particular values of the moderator. They give a graphical indication of the 
level of the moderator at which the relationship between the independent and 
dependent variable is strongest.  The Johnson-Neyman plot is used to show the 
precise regions for which the regression slope of X–>Y is estimated to be significantly 
different from zero (Miller et al. 2013). 
 
2.14.2 Structural equation modelling 
Modelling relationships between variables where there are multiple independent, 
dependent, mediating or moderating variables requires a technique such as 
structural equation modelling (SEM). Structural equation methods provide estimates 
of the strength of all the hypothesized relationships between variables in a 
theoretical model. This approach also allows for the inclusion of latent variables 
within models (Hayes 2013). Latent variables are variables constructed using factor 
analysis (type of SEM) in which each latent variable has multiple indicators, and have 
the advantage of being free of measurement error (Wu and Zumbo 2008). Another 
advantage of SEM in testing mediation and moderation is that it provides goodness-
of-ﬁt indices to assist in assessing the viability of the hypothesized model by 
indicating the extent to which the model ﬁts the collected data. SEM also has some 
disadvantages, the main one being the requirement of a large sample size as a result 
of examining interactions between many parameters (Gunzler et al. 2013).  
Mediation and moderation effects sizes tend to be small and a large sample is 
necessary to ensure adequate power can be achieved (Frazier et al. 2004).  
  
A further advantage of using mediation, moderation and SEM techniques is that they 
are often used with a method called bootstrapping. Bootstrapping is a form of 
resampling or sampling with replacement. It assigns measures of accuracy (bias, 
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variance, confidence intervals) to a sample and reduces the margin of error for that 
sample (Hayes 2013).  
 
Mediating and moderating models are particularly appropriate when studying the 
effects of psychosocial risks on musculoskeletal disorders. Mediating variables in 
particular are often used in models linking psychosocial risks and musculoskeletal 
disorders e.g. the biopsychosocial model. These relationships tend to be complex 
and multifactorial, with intervening variables being necessary to explain the 
relationships in many scenarios. In the context of thesis, stress states were 
investigated as mediating variables between stressors and MSCs within the two 
industrial studies (Chapters 3 and 4). The moderation effects of hyperventilation 
were investigated within two experimental studies (Chapters 5 and 7) and a 
moderated mediation model was developed in study 5 (Chapter 6). 
 
2.15 Section 2.8 Summary 
 Moderation and mediation models are used when an intervening variable is 
necessary to describe a relationship between an independent and a 
dependent variable. 
 A mediating variable is necessary for the relationship to occur 
 The presence of a moderating variable can strengthen or weaken the 
relationship between two variables. 
 Structural equation modelling is used to investigate effects between multiple 
dependent or multiple independent variables.  
 The use of mediating and moderating models within this research is useful in 
investigating the multifactorial interactions between psychosocial risks and 
musculoskeletal disorders.  
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2.16 Research Hypotheses 
This thesis comprises five individual studies presented in chapters as individual 
scientific papers. The table below details the title of each study along with the main 
research questions pertaining to them. There is then a final discussion chapter 
(Chapter 8) which reviews and examines the overall findings of this thesis.  
 
Table 1: Research hypotheses tested within the thesis 
Study No.  Title of Study  Research Hypotheses 
 
Study 1 
(Chapter 3) 
Distress and worry as 
mediators in the relationship 
between psychosocial risks 
and upper body 
musculoskeletal complaints 
in highly automated 
manufacturing. 
The  subjective stress states  ‘distress’ and ‘worry’ 
mediate the relationship between cognitive demand, 
job control, social isolation and skill discretion and 
musculoskeletal complaints in highly automated 
manufacturing environments. 
 
Study 2 
(Chapter 4) 
Task engagement as a 
mediator between sustained 
attention and 
musculoskeletal complaints 
 
Task engagement mediates the relationship between 
attention supply/attention demand and upper body 
complaints in industrial workers. 
 
Study 3 
(Chapter 5) 
The moderating role of end-
tidal CO2 on upper trapezius 
muscle activity in response 
to sustained attention 
End-tidal CO2 levels decrease in line with increased 
levels of sustained attention. 
End-tidal CO2 is a moderator in the relationship 
between sustained attention related-mental workload 
and upper trapezius muscle activity. 
 
Study 4 
(Chapter 6) 
Effect of attention demand 
on upper trapezius muscle 
activity – a moderated 
mediation model. 
 
As attention demand increases, parasympathetic 
activity decreases and upper trapezius muscle activity 
increases in the monitoring of a simulated automated 
task. 
Parasympathetic activity mediates the relationship 
between attention demands and upper trapezius 
muscle activity. 
The mediation effects of the parasympathetic 
system on the relationship between attention 
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demands supply is contingent on the moderation 
effects of end-tidal CO2 
Study 5 
(Chapter 7) 
Inhibiting the physiological 
stress effects of sustained 
attention on shoulder 
muscle activity 
 
Hyperventilation (PetCO2) moderates the relationship 
between sustained attention related stress and upper 
trapezius muscle activity. 
To test if a short abdominal breathing protocol 
can reduce the moderation effect of hyperventilation 
(PetCO2) on the relationship between stress, induced 
by sustained attention, and upper trapezius muscle 
activity. 
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Chapter 3.  Investigating states of stress as mediators in the 
relationship between psychosocial risks and upper body 
musculoskeletal complaints in automated manufacturing.  
 
Purpose: The aim of this study was to prove that psychosocial risks increased the 
incidence of reported musculoskeletal complaints. 
 
Background: There are few studies focused on psychosocial risks and 
musculoskeletal disorders in modern manufacturing workplaces where cognitive 
demands are more prevalent than physical demands.  
 
Novelty and contribution to knowledge: The use of a structural equation modelling 
to link these constructs is novel especially in relation to the inclusion of stress states 
as mediating variables.  
 
Submitted to: ‘Ergonomics’ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 57 
 
 
Study 1: Distress and worry as mediators in the relationship between 
psychosocial risks and upper body musculoskeletal complaints in highly 
automated manufacturing.  
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Abstract 
As a result of an upward trend in automation, the requirement for supervisory 
monitoring and consequently, cognitive demand has increased in automated 
manufacturing. The incidence of musculoskeletal disorders has also increased in the 
manufacturing sector. A model was developed based on survey data to test if 
distress and worry mediate the relationship between psychosocial factors (job 
control, cognitive demand, social isolation and skill discretion), stress states and 
upper body musculoskeletal complaints in highly automated manufacturing 
companies (n=235). These constructs facilitated the development of a statistically 
significant model with good fit statistics (RMSEA 0.057, TLI 0.924, CFI 0.935). 
Cognitive demand was shown to be related to higher distress in employees and 
distress pre-empts a higher incidence of self-reported shoulder and lower back 
complaints. The model also links job control to self-reported upper back complaints 
with worry as the mediating variable while social isolation is related to neck and 
lower back symptoms via distress. 
 
3.1 Introduction 
The globalisation of financial and product markets are increasing international 
competition, resulting in rapid technological change and expectations for higher 
performance at both the corporate and individual levels (Narula 2014). This has led 
to an emerging trend of work intensification or an increase in workload and work 
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pressure (EU-OSHA 2007). The sixth European Working Conditions Survey (EWCS) 
confirms that the concept of ‘intensive work’ is persistent across Europe (Eurofound 
2015).  Another European survey found the most frequently reported change in 
companies is the use of new technologies (Eurofound 2013). In line with these 
changes, there is an upward trend in automation and human-robot collaboration 
within manufacturing sectors (IFR 2016). While automation has brought 
improvements in reducing employee exposure to hazardous and physical work, the 
shift towards predominantly automated processes may impact employee health in 
other ways.  
 
It is reasonable to assume that advancements in industrial automation technology 
have led to increases in supervisory monitoring work for operators. Increased 
cognitive demand is likely to arise from the requirement of additional monitoring of 
automation (Warm et al. 1996; Kurzweil 2016). Sustained attention has therefore 
become a dominant component of job content in modern manufacturing. 
Parasuraman et al. (2000) have shown that increasing automation actually increases 
mental workload rather than reducing it, as might be expected.  With the continued 
introduction of automation, it would be expected that the incidence of WRMSDs 
would also decline, but this does not appear to be happening. A recent HSE UK 
report on the incidence of work related musculoskeletal disorders has shown that 
manufacturing industries still have one of the highest incidences of WRMSDs  with 
‘process and machine operatives’ having the highest rates (HSE 2016).  
 
 WRMSDs refer to a broad range of inflammatory and degenerative conditions that 
affect the body’s muscles, tendons, ligaments, joints and blood vessels (Punnett and 
Wegman 2004). Across the 27 EU Member States, WRMSDs represent the most 
common work related health disorders (EU-OSHA 2010). Traditionally, 
musculoskeletal disorders are associated with physical and repetitive jobs; but in 
recent years, psychological stress has also been shown to play a significant role in 
the aetiology of these disorders (Hauke et al. 2011; Lang et al. 2012; Kraatz et al. 
2013; Gerr et al. 2014). This broadens the focus on WRMSDs to work environments 
with challenging psychosocial conditions. The fifth European Working Conditions 
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Survey (EWCS) found that musculoskeletal disorders directly related to physical 
working conditions are in decline while WRMSDs related to work overload and 
stressful working environments are on the increase (Eurofound 2012). Similarly, the 
sixth EWCS  reported that exposure to posture related risks has declined while many 
blue collar workers still remain exposed to  psychosocial stressors such as high levels 
of work intensity and low levels of autonomy (Eurofound 2015).  
Psychosocial stressors can contribute to the aetiology of WRMSDs, but can also 
solely trigger their development through psychogenic pathways by  increasing 
muscular tension or changing motor control of the muscles (Melin and Lundberg 
1997b; Lundberg et al. 2002).  Stress-induced muscular activation can lead to 
muscular tension and discomfort, which has been considered an early sign of the 
development of musculoskeletal disorders (Wahlström et al. 2004; Sandsjö et al. 
2006b; Hamberg-van Reenen et al. 2008). Psychosocial risks can lead to work-related 
stress (Genaidy et al. 2007; Jaworek et al. 2010). Work-related stress was found to 
be the second most common work-related health problem across the EU15 (Eurostat 
2010).  
 
In highly automated manufacturing environments, where human operators carry out 
limited physical work but act as the supervisory controller for the process, 
psychosocial factors are likely to contribute to the development of musculoskeletal 
disorders. Automation can result in increased workload demands, lower job control, 
reduced skills (Bambra et al. 2007), increased work pace, reduced social interaction 
(Brouwers 2013), higher cognitive demands (Miller and Parasuraman 2007), and 
increased job insecurity (De Witte and Steijn 2000; De Witte et al. 2015). There is 
evidence that automating tasks can add to the existing psychological demands and 
stressors within a manufacturing environment (Wall and Jackson 1995; López Peláez 
and Krux 2002; Mital and Pennathur 2004). While many mechanisms linking 
psychosocial factors to WRMSDs have been well documented, some have yet to be 
clarified. Several theoretical models with contradictory reviews (Sauter and Swanson 
1996; Melin and Lundberg 1997b; Faucett 2005) have been proposed to interpret 
these mechanisms but none fully explain the relationship. One possible shortcoming 
with current models is that they are based on interactional stress theories such as 
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the demand control model (Karasek 1979). While these models have been useful in 
illustrating the role of some psychosocial factors in the workplace, the approach that 
a stressor causes a strain without always considering further complexities like 
individual differences, coping and appraisal processes could be viewed as narrow in 
focus (Mark and Smith 2008). Psychosocial stressors that are applicable in 
automated manufacturing include job control, social isolation, cognitive demand and 
skill discretion. 
 
3.1.1  Job Control 
Job control is concerned with the levels of autonomy and influence an employee 
might have at work. The fifth EWCS (Eurofound 2012) has shown that on average job 
autonomy or control declined significantly in most European countries between 
1995 and 2010. The sixth EWCS reported that while job control levels in the EU were 
still low, a small increase had occurred since 2010 (Eurofound 2015). A common 
characteristic of increasing the automation of  a manufacturing process is the lack of 
control employees have over their work situation, which has been identified as a key 
contributor to stress (Arnold and Silvester 2005). De Witte and Steijn (2000) found in 
their study of blue-collar workers that a trend of what they term ‘internal 
differentiation’ exists, where automation increases the complexity of a job but 
decreases the worker autonomy. Numerous studies have found that decreased job 
control is linked to an increase in musculoskeletal complaints (Bongers et al. 1993; 
Smith and Carayon 1996b; Carayon et al. 1999; Hollmann et al. 2001; Van den 
Heuvel et al. 2005; Bernal et al. 2015). 
 
3.1.2 Social Isolation 
Automation has been described as a cause of “user alienation”(Sheridan and 
Parasuraman 2005). While some claim that increasing automation helps to reduce 
repetitive, monotonous work, the low task loading in monitoring these systems is 
monotonous in itself (Cummings et al. 2016) leading to deskilling in some contexts, 
with potential for individuals to experience alienation  (Liker et al. 1999; Foley 2004). 
The automated process can remove the individual both physically and cognitively 
from the process they are supervising (Gibson and Ashman 2010). Some authors 
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have also discussed the issue of separation in time from the automation due to the 
fact that the operators work is not synchronised with the automated process (Moray 
2000).  Another aspect of employee isolation is as a result of the worker having little 
or no contact with the product being manufactured or processed, leaving the 
operator with a lack of ownership over the company’s product (Erikson 1986). Social 
isolation in highly automated industrial environments is also compounded by the 
fact that there may be more interaction with computers than with people.  
 
3.1.3 Cognitive Demand 
Cognitive demand can be defined as the level of thinking required of employees in 
order to successfully engage with the task, or a workers perception of work 
performance and work difficulty (Rothmann and Cooper 2015).  Automation of a 
manufacturing process usually results in reduction of the physical workload for the 
operator but this is often accompanied by an increase in mental workload (Megaw 
2005). Continued advancements in automation technology have been motivated by 
a desire to reduce human mental workload in spite of the fact that the requirement 
for increased monitoring of a system creates mental workload in itself (Lee 2006b; 
Layer et al. 2009). The increased mental workload is likely to arise from the 
requirement for more information processing (MacDonald 1999) or additional 
monitoring of automation (Warm et al. 1996; Kaber and Endsley 2004). One of the 
psychological processes related to the Job Demands Control model  (Karasek 1979) 
that have a role in job strain is ‘health impairment’. The health impairment process 
suggests that jobs with chronic job demands (e.g. cognitive overload) exhaust 
employees’ mental resources (Bridger and Brasher 2011) and may therefore lead to 
the depletion of energy, and health problems such as WRMSDs (Leiter 1993; 
Demerouti et al. 2001).  
 
3.1.4 Skill Discretion 
Skill discretion refers to the breath of skills available on the job (Robert and Töres 
1990). It is a psychosocial risk which comes under the heading of ‘Job Content’.  A 
recent OECD (Organisation for Economic Co-operation and Development) report 
found an overall decline in skill demands for blue collar workers (Handel 2012). Low 
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skill discretion or limited lack of opportunities for development would generally be 
typical in highly automated industrial environments. A lack of challenge, low variety 
and under use of skills can lead to physical and mental health problems (Cox and 
Griffiths 2005). Kompier and Van der Beek (2008) found that there was an 
association between skill underutilisation and MSDs. In a review of longitudinal 
studies, Hauke et al. (2011) pinpoint several studies where low skill discretion had 
statistically significant effects on the risk of onset of WRMSDs. 
 
3.1.5 Stress States 
Cox and Griffiths (2005)  make a distinction between two approaches to model work 
stress: interactional or structural approaches, such as the demand control model; 
and transactional or process models. The interactional models are based on a simple 
cause and effect system and tend focus on which stressors lead to which outcomes 
in different population. The transactional models look at the dynamic relationship 
that occurs between people and their environment in terms of mental and 
emotional processes (Cox et al. 2000a). Transactional models can be viewed as being 
more extensive as they take into consideration the role of people’s perception of 
their environment, along with personality, individual differences and differences in 
coping and appraisal (Cox et al. 2000a). The power of the transactional approach lies 
in the fact that researchers must identify the transaction that takes place between 
the cognitive processes and the individuals environment (Dewe et al. 2010). 
Matthews et al (2002) proposed a state-mediation model based on transactional 
stress models, in which stressors influence stress states and these states mediate the 
relationship between stressors and cognition. Based on this model, Matthews et al 
developed the Dundee State Stress Questionnaire (DSSQ) (Matthews et al. 1990; 
Heatherton and Polivy 1991; Matthews and Desmond 1998). The DSSQ measures 
three stress states: distress (tension, negative affect, confidence), worry (self-focus, 
self-esteem, cognitive interference) and task engagement. Distress was defined by 
mood and cognition scales. It’s loading combined high tension and low hedonic tone 
(unhappiness), with low confidence and control. Worry is measured only in the 
cognitive domain with its most consistent markers being self-focus, low self-esteem, 
task-irrelevant interference and poor concentration. Task engagement is measured 
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by energy, motivation, concentration and to a lesser extent by hedonic tone 
(happiness) and suppression of task irrelevant interference. Low scores in this factor 
were found to indicate fatigue and apathy. Monitoring or vigilance tasks have shown 
higher levels of distress and worry and lower task engagement.  
 
3.1.6 Research Rationale 
Intensive work has become highly prevalent in Europe (Eurofound 2015) with ‘plant 
and machine’ operators being one occupational group experiencing the highest level 
of work demands including high speed work, tight deadlines and increased work 
pace. The increase in work intensification is likely to have increased the extent of 
supervisory monitoring and consequently, cognitive demand in automated 
manufacturing, along with changes in the psychosocial climate. While the impact of 
automation on the psychosocial climate of workplaces has been studied previously, 
largely when it became prevalent in manufacturing in the 1990s (Andries et al. 1991; 
Carmody and Gluckman 1993; Smith and Carayon 1995; Smith et al. 1999), there is 
insufficient focus on present day manufacturing workplaces where the reliance on 
automation is higher than ever.  
 
To date, few studies (Eatough et al. 2012; Golubovich et al. 2014) have incorporated 
the transactional stress framework (Lazarus and Folkman 1984) in models to link 
psychosocial stressors to WRMSDs. In addition to this, there are few examples of 
formal statistical models testing for significant mediation between psychosocial risks 
and musculoskeletal disorders in the literature (Kjellberg and Wadman 2007). The 
current study tests a model based on the transactional stress framework. It attempts 
to measure stress in the form of three stress state variables which account for 
individual differences relating to mood, confidence and motivation. The model then 
formally tests if these stress states mediate the link between specified psychosocial 
stressors and WRMSDs in modern highly automated manufacturing companies.  
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Hypothesis 
The  subjective stress states  ‘distress’ and ‘worry’ mediate the relationship between 
cognitive demand, job control, social isolation and skill discretion and 
musculoskeletal complaints in highly automated manufacturing environments.  
 
3.2 Method 
3.2.1 Aims 
The survey was developed to identify if any of the psychosocial stressors (cognitive 
demand, job control, social isolation, skill discretion) or stress states predicted the 
incidence of upper limb musculoskeletal complaints.  
 
3.2.2 Participants and Inclusion Criteria 
This was a cross-sectional survey distributed across five companies (one medical 
devices, one semi-conductor, one electronics, two pharmaceutical) in four sectors. 
Companies were selected on the basis that they had high levels of automation. 
While the production layout and tasks were different in each company, each survey 
employee worked 12–hour shifts with monitoring activities accounting for the 
dominant proportion of their job content.  A total of 235 individuals (188 male, 47 
female) completed the hard-copy survey questionnaire. There was an average 80% 
response rate, with the main reason for non-completion being insufficient time. 
Convenience sampling (Fink 2015) was undertaken due to restricted access to 
employee information within participating companies. The companies gave access to 
the researchers to distribute the questionnaires while employees were on day shift. 
Questionnaires were distributed directly by the researcher (F.W.).  
 
The 105 respondents from the semi-conductor company were based in a control 
room completely removed from the automated process. The seated work stations 
each had 4-5 computer screens from which they monitored the manufacturing 
process for 100% of the working shift.  
The electronics company employees (34 responses) had sit/stand work stations 
located along the process assembly line. Each workstation had 1-2 computer screens 
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through which the operator monitored a section of the process. They alternated 
between standing and seating positions over the shift.  Monitoring took place for 
approximately 70% of the working shift.  
The medical devices company (49 responses) had seated work stations with 2-4 
computer screens located in front of the main production line. The operators spent 
approximately 70% of the time monitoring the process.  
Both pharmaceutical companies (39+7) had control rooms located within the area of 
the process being monitored. Each control operator was seated and attended to 
between 2 and 4 computer screens, for approximately 75% of the work shift.  
 
The questionnaire was distributed to personnel who met the following inclusion 
criteria: 
 They were between 18 and 65 years of age 
 They spent at least 70% of their working shift monitoring an automated 
manufacturing process using a computer interface 
 Participants were employed in the respective companies for at least 12 
months 
 
In the case of the electronics, medical devices and pharmaceutical companies, light 
physical tasks were undertaken along with the monitoring work. This mostly involved 
light maintenance and troubleshooting tasks in the electronics and medical devices 
companies e.g. inserting new label cartridges into the process equipment, and 
physical inspection of finished products. In the pharmaceutical company, the light 
physical work included opening and closing valves and taking samples from the 
process.  
The study was approved by the Ethics Committee, University of Limerick, Ireland.   
 
3.2.3 Questionnaire Design 
A questionnaire survey was compiled with previously validated questionnaires to 
measure variables of interest as described below. These included sections of the 
Copenhagen I & II Psychosocial Questionnaire, an amended version of Standardised 
Nordic musculoskeletal questionnaire (Kuorinka et al. 1987)  and the Short State 
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Stress Questionnaire (Helton 2004a). The questionnaire took approximately 10 
minutes to complete. 
 
3.2.4 Dimensions Measured: 
3.2.4.1 Perceived Musculoskeletal Symptoms 
These were measured using an amended version of the standardised Nordic 
Musculoskeletal Questionnaire (NMQ) (Kuorinka et al. 1987). This is a questionnaire 
which allows comparison of lower back, shoulder, neck and general complaints in 
occupational study groups. The reliability of the NMQ has been shown to be 
acceptable. In general, self-reports of symptoms measured using the NMQ have 
been found to give a good indication of musculoskeletal complaints in occupational 
populations. For this questionnaire, participants indicated whether they have had 
trouble with a particular area in their body in the past 12 months by ticking a check 
box to indicate ‘Yes’ or ‘No’.  
3.2.4.2 Stress 
Task or work related stress was measured in the industrial study using the Short 
State Stress Questionnaire (SSSQ) (Helton 2004a). The SSSQ is a 24-item scale based 
on the longer 96-item Dundee State Stress Questionnaire (DSSQ) (G Matthews et al. 
1999) which has been widely used to measure the stress associated with sustained 
attention tasks. The DSSQ scale assesses 11 primary dimensions of mood, motivation 
and cognition which are grouped under three “states” of stress, task engagement, 
worry and distress. These three states have been described as components of 
conscious experience during a person-task environment transaction and have been 
found to be reliable and valid measures of employee stress (Matthews et al. 2002). 
As the length of the DSSQ makes it difficult to use in applied settings, the SSSQ was 
chosen for this study. The SSSQ measures the same three stress states as the DSSQ 
and it has been employed in industrial studies (Helton et al. 2005a; Schaufeli et al. 
2006; Pirzadeh and Pfaff 2012). Responses are given to a 5-point Likert scale. 
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3.2.4.3  Cognitive Demands 
The cognitive demands section from the Standardized Copenhagen Psychosocial 
Questionnaire II (Pejtersen et al. 2010) was included in the survey to indicate a level 
of mental demand required by the employee. This cognitive demands section is 
made up of four questions which give an indication of the mental demands that the 
work places on each employee (Cronbachs alpha: 0.74).  
 
3.2.4.4 Skill Discretion 
Skill discretion was measured using the skill discretion (possibilities for development) 
section of the standardized COPSOQ II questionnaire which is made up of four 
questions (Cronbachs alpha: 0.77).  
3.2.4.5 Job Control 
Job control was measured using the ‘Influence at work’ section of the COPSOQ I 
questionnaire which contains 11 questions (Cronbachs alpha: 0.83).  
3.2.4.6 Social Isolation 
Social isolation was assessed using the ‘social relations’ section of the COPSOQ I 
questionnaire, which has 4 questions (Cronbachs alpha: 0.65).  
All of the sections taken from the Copenhagen Psychosocial Questionnaire had 
scales ranging from 0 to 100. Desirable scores are deemed to be above 60, 
intermediate scores are between 40 and 60, and low scores less than 40. 
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3.3 Statistical Analysis 
3.3.1  Structural Equation Modelling 
The data were analysed using SPSS version 22.0 and M-Plus version 7. Structural 
equation modelling (SEM) was used as it is a largely confirmatory technique which 
validates a proposed model (Wang and Wang 2012). It is also an appropriate tool to 
use when including latent variables (e.g. stress state variables) within the model 
(Bollen 2014). A structural equation model was applied to test the theoretical model 
which includes the psychosocial working conditions, distress, worry, task 
engagement and musculoskeletal complaints. In the first step, three alternative 
models were specified to determine whether the relationship between psychosocial 
stressors and self-reported musculoskeletal symptoms was mediated by distress and 
worry. Secondly, the model parameters were estimated using robust maximum 
likelihood (MLR) and the model fit was assessed. Thirdly, the goodness of fit for each 
model was assessed using a range of fit indices including the chi-square (2), the 
Tucker-Lewis Index  (Tucker and Lewis 1973), and the Comparative Fit Index (CFI) 
(Bentler 1990). A non-significant chi-square and values greater than 0.90 for the TLI 
and CFI are considered to reflect acceptable model fit. In addition, the Root Mean 
Square Error of Approximation (RMSEA)  (Steiger 1990)were reported, where a value 
less than 0.05 indicates close fit and values up to 0.08, indicating reasonable errors 
of approximation in the population (Jöreskog and Sörbom 1993). The standardized 
root-mean-square residual (SRMR)(Jöreskog and Sörbom 1982)has been shown to be 
sensitive to model mis-specification and its use recommended by Hu and Bentler 
(1999). Values less than 0.08 are considered to be indicative of acceptable model fit 
(Hu and Bentler 1999). Furthermore, the Akaike Information Criterion (AIC) (Akaike 
1987) was used to evaluate alternative nested models. The model with the lower AIC 
value is the better fitting model.   
 
Total, direct and indirect effects of psychosocial factors, distress, worry and 
engagement to each upper body musculoskeletal complaint were calculated using 
the standardised regression weights of each path. Observed variables are depicted 
by rectangles and latent variables by circles. Latent variables were specified using 
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confirmatory factor analysis. The arrows connecting the variables are regression 
coefficients or slopes and indicate the strength of linear association between the 
variables. For diagrammatic simplicity, the error variances associated with the 
observed variables have been omitted. The independent variables were job control, 
skill discretion, cognitive demands and social isolation. The dependent variables 
were upper body musculoskeletal complaints and the mediating variables were 
distress, worry and task engagement. A mediating variable explains the relationship 
between a predictor variable and an outcome variable.  
 
The models were run with each of the three mediators (distress, worry and task 
engagement) separately. Good model fit statistics were evident for the distress and 
worry mediators but the task engagement model showed no mediated relationships 
between variables. As a result of this preliminary analysis, task engagement was not 
included in subsequent models.  
 
In order to determine how the study variables are related, three variations of the 
designed model were specified and estimated using SEM. This model based 
approach to testing mediation models has many advantages over traditional 
regression based approaches (Gunzler et al. 2013) and has been used to identify the 
optimal model (Shevlin and Elklit 2008; Jackson et al. 2013; Shevlin et al. 2015). The 
model variations differed only in terms of how the relationships between the 
psychosocial variables, perceived stress states and upper limb complaints were 
modelled with the aim being to find the optimal model based on considerations of 
parsimony (models with few parameters are favoured) and model fit (how well each 
model explains the sample data). The first model (Figure 1) tested the direct effect of 
the psychosocial variables on the specified WRMSDs along with the reversed effects 
without including the stress states. The second (Figure 2) was the mediated model 
which tested all possible relationships between the psychosocial variables and the 
specified WRMSDs via two mediators (distress & worry). The third model (Figure 3) 
included both the direct effects of the psychosocial variables along with the indirect 
or mediated effects of the stress states (distress & worry) on the specified WRMSDs 
variables.  The models can be ordered in terms of complexity:  Model 1 is the most 
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parsimonious (direct effects only); Model 2 is more complex with only  indirect 
effects, and Model 3 is the most complex model as it has the most parameters to 
estimate (direct and indirect effects). The decision of which is the ‘best’ model was 
based on finding the most parsimonious model that fits the data.   
Psychosocial 
stressors 
Self-reported 
musculoskeletal symptoms
Job Control
Cognitive 
Demand
Social Isolation
Skill Discretion
Neck
Shoulder
Upperback
Lowerback
  
Figure 1: Model 1 (Direct effects model) 
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Figure 2: Model 2 (Direct effects model) 
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Figure 3:  Model 3 (Direct and mediated effects) 
3.4 Results 
3.4.1 Characteristics of the Observed Variables 
There were 235 respondents in total. The characteristics of the observed variables 
are shown in Table 1. Eighty percent of participants (188) were male and 20% female 
(47), 20% (47) were in the 21-30 age group,  41.3% (97) were in the 31-40 age group, 
27.7 % (65) in the 41-50 age group  and 11.1 % (26) were in the 51-60 age group.  
 
Table 1 also presents one-way analysis of variance results between the key study 
variables. Kruskall Wallis was reported for upper back and cognitive demand as these 
variables were not normally distributed. Levenes test of homogeneity of variance 
was violated for neck (Sig 0.05), upper back (Sig 0.01), lower back (Sig 0.01) and 
cognitive demand (Sig. 0.02) so the Welch test was reported for these variables. The 
results show that there is no significant difference between companies in relation to 
the musculoskeletal complaints and job control at the 5% significance level. 
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However, there is a significant difference between companies in relation to cognitive 
demand, social isolation and skill discretion. 
 
Table 2: Descriptive statistics and ANOVA results for the key study variables 
Variable Name Mean (SD) Frequency One-way ANOVA  P-value 
Cognitive 
Demand 
68.39 (21.28) NA χ2(3) 
n=235=25.56 
P<0.01 
Job Control 44.28 (16.17) NA F(3,234)=2.23 P=0.09 
Social Isolation 62.52 (15.14) NA F(3,234)=9.006 P<0.01 
Skill Discretion 55.52 (22.08) NA F(3,234)=5.243 P<0.01 
Neck 0.41 (0.49) 96 Welch 
(3,96.16)=0.815 
P=0.48 
Shoulder 0.46  (0.49) 108 F(3,234)=0.334 P=0.80 
Upperback 0.28 (0.45) 66 χ2(3) 
n=235,=5.120 
P=0.16 
Lowerback  0.57 (0.50) 134 Welch 
(3,98.53)=1.7 
P=0.16 
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Figure 4 details the prevalence of neck, shoulder, upper back and lower back 
complaints across the industrial sectors. The electronics company had the highest 
rates for the shoulder (51.4%), upperback (37.1%) and lowerback (68.8%), while the 
pharmaceutical workers reported the highest rates of neck complaints (46.8%). 
 
Figure 4: % Prevalence MSD complaints by sector in previous 12 months 
 
Figure 5 gives an overview of the COPSOQ scores across the sectors. Overall, 
cognitive demand (mean=67.2) scores were highest, followed by social isolation 
(mean =60.46), skill discretion (mean =53.63) and job control (mean = 43.83).  
 
Figure 5: Mean psychosocial scores by sector 
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Table 3 presents the Pearson correlation coefficients for the independent variables 
and the mediating variables. Correlations between the psychosocial factors were 
moderate (0.24-0.60) which is consistent with existing literature. While distress and 
task engagement were correlated (p< 0.01), low correlation was found between 
distress and worry which confirms that these factors measure contrasting aspects of 
stress.   
 
Table 3: Pearson correlation coefficient matrix of the measured variables 
 1. 
Cognitiv
e 
Demand 
2. Job 
Contro
l 
3. 
Social 
Isolatio
n 
4. Skill 
Discretio
n 
5. 
Distres
s 
6. Task 
Engageme
nt 
7. 
Worr
y  
1.Cognitive 
Demand 
1       
2. Job 
Control 
0.49** 1      
3.Social 
Isolation 
0.24** 0.25** 1     
4.Skill 
Discretion 
0.34** 0.37** 0.60** 1    
5. Distress 0.12 -0.13 -0.20* -0.17** 1   
6. Task 
Engageme
nt 
0.24** 0.27** 0.25** 0.27** 0.01** 1  
7. Worry -0.01 0.18** -0.01 0.02 -0.01 -0.03 1 
**Correlation is significant at the 0.01 level 
*Correlation is significant at the 0.05 level 
 
Table 4 presents the fit indices for the three models. The results suggest that Model 
1 (direct effects) did not show acceptable fit indices. While the second and third 
models both had good fit statistics, Model 2 was selected as the best on the basis of 
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best fit for Model 2 was the closest to 0.05 and the TLI and CFI values were closest to 
0.95.  
  
Table 4: Model indices for direct, mediated & direct/mediated models 
Item Model  1: Direct Model 2: 
Mediated 
Model 3: Direct & 
Mediated  
S-B2 639.7 407.3 405.4 
df 231 213 215 
P 0.01 0.01 0.01 
RMSEA 0.087 0.057 0.062 
90%CI 0.079 -  0.095 0.048 - 0.066 0.05-0.071 
AIC 10910.5 10870.6 10876.8 
TLI 0.850 0.924 0.912 
CFI 0.825 0.935 0.930 
Criteria for acceptable model fit are p>0.05 for S-B 2, TFI and CFI> 0.90. RMSEA <0.08. The 
lowest AIC value represents the best fitting model.   
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Table 5 presents the regression coefficients for the four psychosocial risks on the 
stress states, distress and worry. The standardized model estimates, resulting from 
the regression analysis are given. These values represent a change in distress and 
worry in standard deviations associated with a change of one standard deviation for 
each psychosocial stressor (holding constant the values of the other predictors). 
Cognitive demand (p=0.002) and social isolation (p=0.023) are statistically significant 
predictors of distress, while job control is a highly significant predictor of worry 
(p<0.01).   
 
 
 
Table 5: Regressional relationship between psychosocial stressors, distress & 
worry. 
 Distress P-Value Worry P-Value 
Cognitive 
Demand 
0.224 0.002* 0.046 0.551 
Job Control -0.134 0.090 0.287 0.000** 
Social Isolation -0.198 0.023 -0.100 0.246 
Skill Discretion -0.124 0.181 -0.088 0.379 
R2 0.122 0.004 0.079 0.045 
Standardized model estimates    
 
Table 6 gives the standardized model estimates and p-values for the effects of 
distress and worry on neck, shoulder, upper back and lower back musculoskeletal 
complaints. Distress was found to be a statistically significant predictor of shoulder 
(p=0.002) and lower back complaints (p=0.044). Worry was found to be a predictor 
of upper back complaints (p=0.020). 
 
Table 6: Mediators predicting upper body musculoskeletal complaints 
 Neck P-
Value 
Shoulder P-
Value 
Upperback P-
Value 
Lowerback P-
Value 
Distress 0.13 0.18 0.30 0.002 -0.05 0.58 0.20 0.04 
Worry 0.12 0.24 -0.07 0.51 0.24 0.02 -0.03 0.81 
R2 0.04 0.23 0.08 0.11 0.05 0.25 0.04 0.27 
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3.5  Discussion 
Despite the fact that operators participating in this study carried out minimal 
physical work, the prevalence of upper body musculoskeletal complaints appeared 
high. Over 40% of those surveyed (n=96) reported back complaints, 46% (n=108) 
shoulder complaints, 28.1% (n=66) upper back and 57.6% (134) lower back 
complaints. These findings are comparable with a recent Eurofound report 
(Eurofound 2007) which reported 49.2% of plant and process operators in industry 
reporting musculoskeletal disorders. This rate is however, considerably higher than a 
recent multi-sector review which reported average prevalence rates of 14.9% (da 
Costa et al. 2015). 
 
On the basis of the SEM model results, the proposed hypothesis can be accepted. 
The fully mediated model (Model 2) had the best fit statistics. This suggests that the 
stress states, distress and worry are mediators in the relationship between cognitive 
demand, job control, social isolation, skill discretion and upper body musculoskeletal 
complaints in highly automated environments. This model adds value to the current 
literature in this area. While mediators between psychosocial risks and 
musculoskeletal disorders including strain, (Sprigg et al. 2007; Eatough et al. 2012) 
fatigue (Larsman and Hanse 2009) and affective stress (Kjellberg and Wadman 2007) 
have been previously identified, there remains an extensive knowledge gap 
pertaining to this complex relationship. This model has been useful in highlighting 
two specific stress states (distress and worry) involved in the relationship between 
psychosocial risks and WRMSDs and this information will help to elucidate the 
numerous pathways in this relationship, consequently aiding the management of 
musculoskeletal disorders. 
 
The current study also offers several theoretical implications. The study facilitated an 
evaluation of the transactional job stress framework as the basis for a theoretical 
framework of the relationships between psychosocial stressors and WRMSDs. As 
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opposed to using stress as one mediator in the model, using the transactional 
framework enables segregating stress into specific components which provides 
detailed information about the mediating interactions. The SSSQ stress states, 
distress and worry, facilitated the development of a statistically significant model 
with good fit statistics. Our results suggest that high levels of cognitive demand, 
social isolation and low job control are associated with an increase in self-reported 
musculoskeletal complaints and that this relationship takes place through employees 
experiencing the stress states distress and worry.  
 
3.5.1 Cognitive Demand 
While cognitive demand scored high on the scale across the four sectors, the semi-
conductor company reported the highest levels of cognitive demand (73.33), which 
is consistent with this company being the most automated (Figure 5). This was 
followed closely by the pharmaceutical (69.28) and medical devices (68.24) sectors, 
with electronics having the lowest score (57.93). The significant difference in 
cognitive demand detected across the four sectors is not surprising as the level of 
process monitoring varies by sector. Increased cognitive demand was shown to be 
related to higher distress in employees and distress preempts a higher incidence of 
self-reported shoulder and lower back complaints. This suggests that increased 
cognitive demand is a risk factor in the development of shoulder and lower back 
complaints with distress as a mediator. Cognitive demand has not been as widely 
investigated in the industrial context as other psychosocial risks included in the 
study, but the finding that it is a risk factor in the development of WRMSDs is 
consistent with existing research. Roman Liu et al  (2013) found that increased 
mental demand was linked with increased muscular tension in the neck/shoulder 
region in operators carrying out supervisory control tasks such as vigilance. High 
mental demands were a risk factor for neck/shoulder pain (Grooten et al. 
2004).Similarly, Juul Kristensen (2004) showed that high cognitive demands 
preempted increased incidence of shoulder pain. Mental stress was found to be a  
predictor of shoulder pain (Miranda et al. 2001)  and lower back pain (Hagen et al. 
1998; Miranda et al. 2002). Anderson et al (2003) linked distress to neck and 
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shoulder pain in industrial and service based companies and, Harkness et al. (2003) 
in a study of 12 workplaces linked ‘high individual distress’ to lower back pain.  
 
The outcome that cognitive demand is significantly linked to shoulder and lower 
back complaints via distress as a mediator is a novel finding in the context of the 
population under study. In highly automated environments, cognitive demand can 
be largely attributed to high levels of sustained attention (Warm et al. 1996), which 
would suggest that sustained attention is likely to be linked to shoulder and lower 
back complaints.  Previous research has linked sustained attention to feelings of 
distress (Temple et al. 2000b; Warm et al. 2008a; Warm et al. 2008b) however this 
study broadens current understanding by linking it to shoulder and lower back 
complaints also.  
 
3.5.2 Social Isolation 
The highest levels of social isolation were reported in the semi-conductor sector 
(67.04), followed by the medical devices (62.25), pharmaceutical (59.85) and 
electronics sectors (52.70), in that order. Based on these results, the most 
automated environment had the highest social isolation. The significant difference in 
social isolation scores reflects the differences in job content across the different 
companies. Our model links social isolation to neck and lower back symptoms via the 
distress mediator. This is consistent with previous studies where lower levels of 
social interaction with colleagues in a workplace were found to be linked to 
employee stress (Winnubst et al. 1982; Buunk and Verhoeven 1991; Bongers et al. 
1993; Devereux et al. 2011). Poor social relations at work has also been linked to 
upper back and upper limb pain (Leino and Hänninen 1995). A review of 23 studies 
found good evidence for an association between poor social support  (a construct 
related to social  isolation) and an increased risk of musculoskeletal morbidity 
(Woods 2005). In line with the results of this study, previous research has also shown 
a positive relationship between low social support and back pain.  
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3.5.3 Job Control 
There were no significant differences detected between sectors. Low job control 
levels were expected for operator roles so the study results (X̅ =43.82) were in line 
with expectations. The SEM model links job control to self-reported upper back 
complaints with worry as the mediating variable. Low job control has been 
frequently linked to WRMSDs in the literature (Bongers et al. 1993). Many studies 
have linked low job control to back complaints and discomfort (Burdorf and Jansen 
2006; Andersen et al. 2007a; Alexopoulos et al. 2008; Hooftman et al. 2009). Worry 
about work conditions has been associated with neck/shoulder and lower back 
conditions (Ohlsson et al. 1994; Aasa et al. 2005). Unge et al. (2007) found that 
hospital workers with higher levels of worry  were more likely to suffer from 
musculoskeletal disorders. 
 
3.5.4  Skill Discretion 
Skill discretion scores were significantly different between sectors semi –conductor 
(58.81), medical devices (57.91), pharmaceutical (54.65) and electronics (43.1) again 
reflecting the variety in job content of those surveyed.  Although skill discretion was 
a viable construct within the model, there were no specific significant pathways to 
upper body musculoskeletal complaints in this study. Numerous previous studies 
have shown that skill discretion is an important risk factor in the development of 
musculoskeletal disorders including neck symptoms (Ariëns et al. 2002; Eltayeb et al. 
2009; Hooftman et al. 2009), shoulder symptoms (Eltayeb et al. 2009; Hooftman et 
al. 2009) and back complaints (Jansen et al. 2004; Alexopoulos et al. 2008).  
 
5.5 Mediators 
Using stress states has proved convenient in this context as it is clear that different 
psychosocial factors are mediated by different aspects of stress. In this case, distress 
mediates the WRMSD effects for cognitive demand and social isolation, and worry is 
a key mediator in the case of job control. Distress largely measures high tension, 
unhappiness and low confidence, whereas worry measures low self-esteem and poor 
concentration which gives practitioners specific action areas to target in the 
reduction of musculoskeletal complaints.  
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3.6 Limitations 
One limitation of this study was the cross-sectional design. Data were collected from 
a population at one point in time making this type of study less favourable than 
longitudinal studies. The sample size was relatively small and a larger sample may 
have reflected a more accurate model fit given the number of variables included. It is 
acknowledged that the use of self-report questionnaires as opposed to objective 
data may introduce self-reporting bias (Adams et al. 1999) where one might expect 
someone to report negatively in one dimension to also report negatively in another. 
Additionally, it is possible that the psychosocial factors reported were influenced by 
confounders e.g. physical discomfort and fatigue, which were not included within 
the model. The SSSQ questionnaire has been used to measure daily stress by 
analysing the difference in responses from the end of shift to start of shift. Due to 
anonymity constraints within participating companies, ethics did not permit the use 
of the SSSQ questionnaire in this way. It was completed by each participant in the 
second half of the work shift in order to estimate the level of stress respondents 
were experiencing at that time.  The SSSQ and COPSOQ scales were measured at the 
point of completion and the NMQ scale was measured over a 12-month period. The 
reliability of the model might be improved if the timescales of the scales were 
synchronised. 
 
The study had a specific target of plant and process operators in highly automated 
manufacturing environments, so the model results may not be directly relevant to 
other occupational groups. This group is unique in that it encompasses lower skilled 
workers with high cognitive demands and low physical demands. It would be useful 
to apply this model to other occupational groups with high cognitive demands such 
as office-based workers. 
 
3.7 Conclusions 
High incidences of self-reported musculoskeletal complaints were reported from a 
cross-sectional multi-sector group working in highly automated environments that 
carry out low levels of physical work. It is evident from the study outcomes that 
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psychosocial factors are likely to play a role in the development of musculoskeletal 
disorders in these work environments.  
Distress and worry, as subjective measures of stress were found to be mediators in 
the relationship between job control, cognitive demand, social isolation and upper 
body musculoskeletal disorders. Since the high levels of vigilance required in highly 
automated environments are the main source of cognitive demands, it is proposed 
that the cognitive demand of prolonged monitoring lead to higher levels of distress 
in employees. As a result of this higher levels of shoulder and lower back pain are 
likely. A link between high levels of sustained attention or vigilance and upper body 
musculoskeletal complaints should be considered by industrial practitioners.  
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Chapter 4. Attention demand and attention supply as 
predictors of musculoskeletal complaints: a structural 
equation model 
 
Purpose: This study aimed to determine if measures of sustained attention, 
attention demand and attention supply contributed to the incidence of 
musculoskeletal disorders in industry via the mediator of task engagement. 
 
Background: The cognitive demands posed by sustained attention work have not 
been studied previously in the context of their contribution to musculoskeletal 
disorders. 
 
Novelty and contribution to knowledge: This study shows that attention demand 
increases the incidence of reported musculoskeletal disorders in the presence of low 
task engagement. This is a new research finding in the area of psychosocial risks and 
musculoskeletal disorders.  
 
Submitted to:  Work – A Journal of prevention and rehabilitation 
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Abstract 
Cognitive demands in the form of sustained attention are prevalent in automated 
manufacturing where operators undertake monitoring tasks for prolonged periods. 
Sustained attention tasks are stressful and could have potential health consequences 
for employees including contributing to Work Related Musculoskeletal Disorders 
(WRMSDs). The study investigates if lowered task engagement is a mediator of the 
relationship between sustained attention and musculoskeletal symptoms. A 
structural equation modelling technique was used to determine if task engagement 
mediates the relationship between attention demand and attention supply and self-
reported symptoms of musculoskeletal complaints (MSCs). Operators are 5.16 times 
(OR)  more likely to have  neck complaints,  7.27 (OR) times more likely to have 
upper back complaints and 3.9 (OR) times more likely to report lower back 
complaints (OR 2.05) when attention demands are high and task engagement is low. 
When task engagement was introduced as a mediator between attention supply and 
MSCs, odds ratios decreased for neck (from 1.01 to 0.60), shoulder (from 0.95 to 
0.47)*, upper back (from 1.01 to 0.70) and lower back (from 0.94 to 0.40)*. Task 
engagement is a significant mediator of the relationship between attention demand 
and neck, upper back and lower back musculoskeletal complaints.  
 
4.1 Introduction 
Manufacturing is going through a renaissance due to advancements in technology 
and communications resulting in a higher level of complexity within automation 
design (Considine and Considine 2012). This has directed changes in working 
conditions for employees, especially process operatives who often spend much of 
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their work shift monitoring an automated process via a computer interface. This 
monitoring work requires a high level of mental workload in the form of sustained 
attention (Hancock et al. 2013). 
 
Sustained attention or vigilance refers to the ability to maintain focus of attention 
and remain alert to stimuli over prolonged periods of time (Warm 1984). There are 
two main opposing theories, which have been used to explain the concept of 
sustained attention. The first theoretical viewpoint deems sustained attention tasks 
as being under stimulating and placing low demands on cognitive resources. The 
mindlessness model (Thomson et al. 2015) is based on this theory and posits that 
sustained attention tasks are monotonous, leading to mind-wandering. The alternate 
attention depletion theory, which is increasing in popularity, suggests that sustained 
attention tasks demand a high level of cognitive resources and deplete these 
resources quickly. This theory is based on the attentional resources model (Wickens 
1987) and postulates that monitoring tasks require extensive mental workload. 
Recent research has also proven that sustained attention tasks are stressful for 
humans (Warm et al. 2008b).  
 
Across the 27 EU Member States, WRMSDs represent the most common work-
related health disorders. These disorders have been defined as impairments of body 
structures such as muscles, joints, tendons, ligaments, nerves, bones or a localised 
blood circulation system caused or aggravated primarily by the performance of work 
and by the effects of the immediate work environment (Podniece et al. 2008).  
Causal mechanisms include exposure to physical and psychosocial factors at work as 
well as individual factors. Several models postulate mechanisms that help to explain 
how psychosocial stressors contribute to WRMSDs. Smith and Carayon (1996a) 
suggest that  physiological stress responses including increased blood pressure, 
corticosteroids, muscle tension and decreased immune response are associated with  
the aetiology of WRMSDs. Other theories (Sauter and Swanson 1996; Melin and 
Lundberg 1997a) propose increased muscular tension and activity due to stress plays 
a role in the development of WRMSDs. While there are many other theories, none, 
to date, is universally accepted.  
 87 
 
Work-related stress was found to be the second most common occupational health 
problem across the EU15 (Eurostat 2010). A poor psychosocial climate at work (e.g. 
quantitative workload, job demands, uncertainty) can contribute to the 
development of many health conditions, among these being work-related 
musculoskeletal disorders (Golubovich et al. 2014). Although sustained attention can 
be viewed as an occupational psychosocial factor, little research has been carried out 
to determine its effects on employee health.  
 
Visual vigilance tasks have been found to lower task engagement (Matthews et al. 
2002). Task engagement correlates with performance on attention tasks (Langheim 
et al. 2007). Key factors of high task engagement include challenge, task interest, 
personal control and positive feedback, while factors of  low task engagement 
include monotony, long task duration, system automation and passive fatigue 
(Matthews et al. 2013). Disengagement can occur where lower levels of attentional 
resources are required by the task (Cheyne et al. 2009) such as with highly 
automated processes. Disengagement can in turn result in a decline in performance 
efficiency through the depletion of attentional resources (Helton and Russell 2011). 
Multivariate analysis suggests a mediating role of task engagement between 
sustained attention and stress (Helton et al. 2002) but this has not been tested by a 
mathematical model in an industrial context. This study aims to investigate the 
effects of attention demand and attention supply on neck, shoulder, upper and 
lower back complaints. Using a structural equation modelling approach to do this, 
allows inclusion of task engagement as a mediator. 
 
Hypothesis: Task engagement mediates the relationship between attention 
supply/attention demand and upper body musculoskeletal complaints in industrial 
workers. 
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4.2 Method 
A cross-sectional survey was administered across five companies: one medical 
devices, one semi-conductor, one electronics and two pharmaceutical. Companies 
were selected on the basis that they had high levels of automation. While the 
production layout and tasks varied across companies, each employee surveyed 
worked 12–hour shifts and undertook monitoring-based work for most of the work 
shift.  In total 235 individuals (188 male, 47 female) completed the hard copy survey 
questionnaire fully. An additional 31 incomplete questionnaires were excluded from 
analysis. Convenience sampling (Fink 2015) was undertaken due to restricted access 
to employee information. Access was given to the researchers to distribute the 
questionnaires to employees.  
 
 The 105 respondents from the semi-conductor company were based in a control 
room completely removed from the automated process. The seated workstations 
each had 4-5 computer screens from which workers monitored the manufacturing 
process for 100% of the working shift. Physical tasks were not carried out by this 
group.  
The electronics company employees (34 responses) had sit/stand workstations 
located along the process assembly line and they alternated between standing and 
seated position during the shift. Each workstation had 1-2 computer screens through 
which the operator monitored that section of the process. Monitoring took place for 
approximately 70% of the working shift.  
The medical devices company (49 responses) had seated workstations with 2-4 
computer screens located in front of the main production line. The operators spent 
approximately 70% of the time monitoring the process.  
Both pharmaceutical companies (39+7 responses) had control rooms located within 
the area of the process being monitored. Each control operator was seated and 
attended to between 2 and 4 computer screens, for approximately 75% of the work 
shift.  
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In the case of the electronics, medical devices and pharmaceutical companies, light 
physical tasks were undertaken along with the monitoring work. This mostly involved 
light maintenance and troubleshooting tasks in the electronics and medical devices 
companies e.g. inserting new labels cartridges into the process equipment, and 
physical inspection of finished products. In the pharmaceutical company, the light 
physical work included opening and closing valves and taking samples from the 
process.  
The questionnaire was distributed to personnel who met the following inclusion 
criteria: 
 Participants were between 18 and 65 years of age, 
 Participants spent at least 70% of their working shift monitoring an 
automated manufacturing process via a computer. 
 Participants were employed in the respective companies for at least 12 
months 
All parts of the questionnaire were approved by the Ethics Committee, University of 
Limerick, Ireland.   
 
4.2.1 Questionnaire 
A survey was compiled, encompassing validated questionnaires to measure the 
following variables of interest:  
Perceived musculoskeletal complaints were measured using an amended version of 
the standardised Nordic Musculoskeletal Questionnaire (Kuorinka et al. 1987). This 
questionnaire allows comparison of low back, shoulder, neck and general complaints 
in occupational study groups and its reliability was found to be acceptable. For this 
questionnaire, participants indicated whether they have had trouble with a 
particular area in their body in the past 12 months  by ticking a check box to indicate 
‘Yes’ or ‘No’.  
 
Task engagement was measured in the industrial study using one subscale of the 
Short State Stress Questionnaire (SSSQ) (Helton 2004b). The SSSQ is a 24-item scale 
based on the longer 96-item Dundee State Stress Questionnaire (DSSQ) (G Matthews 
et al. 1999), which has been widely used to measure the stress associated with 
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sustained attention tasks. Matthews et al. (2002) proposed a state-mediation model 
based on transactional stress approaches, in which stressors influence stress states 
and these states mediate the relationship between stressors, cognition and the DSSQ 
(Matthews et al. 1990).  
 
As there is no validated test to specifically measure sustained attention in an 
industrial setting, attention measures from a validated situational awareness scale 
were used. Attention demand and supply were measured using two subscales of the 
situational awareness to response test (SART).  This is a self-rating subjective 
measure of situational awareness (SA) developed by Taylor (1990b). The questions 
within the attention subscales are particularly relevant to operators monitoring 
automated processes. Attentional demand refers to the demand placed on 
attentional resources and encompasses the instability, variability and complexity of 
the situation. Attention demand is a useful measure of sustained attention in that 
increasing the attentional demands of a task results in a deterioration in sustained 
attention performance (Thomson et al. 2015). 
 
 Attentional supply, which refers to the amount of attention resources required by a 
task, includes measures of stimulation, spare mental capacity, concentration and 
division of attention. This is essentially the attention related mental workload 
required to complete the tasks. The ability to perform sustained monitoring tasks 
depends on the stimulation and concentration of the individual, making attention 
supply a valid measure in this context (Sarter et al. 2001).  
 
Salmon et al. (2009) found that the SART method was useful in relation to subjective 
assessments measuring how operators felt during task performance in relation to 
the supply, demand and understanding of information. Participants are asked to rate 
each test dimension on a Likert scale of 1 to 7.  The scores from three questions 
relating to attention demand were averaged for each participant with the total 
potential score for attention demand of 21. The scores for attention supply were 
based on averaging the results of four questions with the total score for attention 
supply of 28.  
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4.3 Statistical Analysis 
Data were analysed using SPSS version 22.0 and Mplus version 7. Although observed 
variables were non-normally distributed, skewness (+/-1) and kurtosis (+/-3) were 
slight and sample size was large enough to prevent a reduction in overall power (Hair 
et al. 2010).  A series of regression models were specified and tested to determine if 
task engagement was a significant mediator of the relationship between attention 
demand/attention supply and musculoskeletal complaints of the neck, shoulder, and 
upper and lower back. Multivariate binary logistic regression models were estimated 
in Mplus using robust maximum likelihood. The latent variable, task engagement, 
was calculated with confirmatory factor analysis using Mplus. The independent 
variables were attentional demand and attentional supply. The dependent variables 
were upper body musculoskeletal complaints (neck, shoulder, upper back and lower 
back) and the mediating variable was task engagement. The effects from attention 
demand and attention supply to task engagement were linear regression estimates 
and the effects from task engagement to musculoskeletal complaints were logistic 
estimates reported as odds ratios. The adequacy of each model was assessed using 
the Akaike Information Criterion (AIC), the Bayesian Information Criterion (BIC) and 
the sample-size adjusted Bayesian Information Criterion (ssaBIC) with lower values 
indicating better model fit. These fit statistics balance model fit with parsimony to 
determine the optimum model (Vrieze 2012).  
 
Three variations of each model were specified and estimated. The first model (Figure 
6a) tested the direct effect of the independent variables on the dependent variables. 
The second (Figure 6b) was the mediated model, which tested all possible 
relationships between the independent and dependent variable via the mediator 
(task engagement). The third model (Figure 6c) included both the direct effects of 
the independent variables on the dependent variables along with the mediated 
effects.  
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Figure 6c: Direct & mediated effect of attention demand/supply on WRMSDs
 
Figure 6 Direct effects (a), mediated effects (b) and combined direct & mediated 
effects (c) models  
 
4.4 Results 
4.4.1 Characteristics of the observed variables 
There were 235 respondents in total. The characteristics of the observed variables 
are shown in Table 7. Eighty percent of participants (188) were male and 20% were 
female (47), 20% (47)  were in the 21-30 age group,  41.3% (97) were in the 31-40 
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age group, 27.7 % (65) in the 41-50 age group  and 11.1 % (26) were in the 51-60 age 
group.  
Table 7 shows descriptive statistics for attention demand, attention supply and task 
engagement across the sectors. The correlation between attention supply and task 
engagement was low but significant (r= 0.24**). The correlation between attention 
demand and task engagement was lower and not significant (r= 0.02).  
 
Table 7: Descriptive statistics for observed variables 
Sector Attention Supply1 
 Mean (SD) 
Attention Demand2 
 Mean (SD) 
Task Engagement 
Mean (SD) 
Pharmaceutical 22.57 
(3.01) 
14.51 
(4.11) 
0.21 
(9.56) 
Electronics 18.56 
(3.97) 
9.88 
(4.03) 
-0.28  
(10.91) 
Medical 
Devices 
20.39 
(3.60) 
15.14 
3.11) 
-1.17 
 (10.31) 
Semi-
Conductor 
22.21 
(3.33) 
14.91 
(3.96) 
0.66  
(9.81) 
1Maximum attention supply score: 28, 2 Maximum attention demand score: 21.  
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Figure 7: Prevalence of self-reported musculoskeletal complaints in the previous 12 
month 
 
Figure 7 details the prevalence of neck, shoulder, and upper and lower back complaints 
across the industrial sectors. The electronics company had the highest complaint rates for 
shoulder (51.4%), upper back (37.1%) and lower back (68.8%), while the pharmaceutical 
workers reported the highest rates of neck complaints (46.8%). 
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Figure 8: Attention demand, attention supply and task engagement (mean scores) 
across the industry sectors. 
Figure 8 compares mean attention demand, attention supply and task engagement 
scores across the four industry sectors. Mean task engagement scores were low 
across all sectors, (Overall mean=-0.34). Attention supply scores were similar for the 
semi-conductor (x=̅22.21), pharmaceutical (x=̅22.57) and medical devices companies 
(x=̅20.39) but were slightly lower in the case of the electronics company (x=̅18.56). 
Attention demand scores were also similar for the semi-conductor (x ̅ =14.91), 
pharmaceutical (x=̅14.51) and medical devices (x=̅15.14) with the electronics 
company again have a lower mean (x=̅9.88). 
Table 8 shows the fit indices for all models. The results show that the mediated 
models demonstrate the best fit statistics in both the attention demand and 
attention supply models. The AIC, BIC and ssaBIC scores are lowest for the mediated 
models for both attention demand and supply.   
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Table 8: Fit indices for the mediation model 
 Model Loglikeli-
hood 
No. of free 
parameters 
AIC BIC ssaBIC 
Attention 
Demand 
1.Direct -2990 22 6023 6099 6030 
 2. Mediated -2933 30 5926 6031 5935 
 3. Direct 
and  
    mediated 
-2933 34 5933 6051 5943 
Attention 
Supply 
1. Direct -2920 22 5884 5960 5890 
 2. Mediated -2697 30 5454 5558 5463 
 3. Direct 
and  
    mediated 
-2698 34 5460 5577 5469 
AIC Akaike information criterion, BIC Bayesian information criterion, ssaBIC sample-size-adjusted BIC 
 
The Odds Ratios (ORs) from the multivariate binary regression analyses are 
presented in Table 9.  For the attention demand model, introducing task 
engagement as a mediator increased the ORs for each of the four musculoskeletal 
complaints. For the attention demand model, significant indirect effects are shown 
for neck (p< 0.01), upper back (p<0.01) and lower back (p=0.01) complaints. For the 
attention supply model, the introduction of the mediator resulted in decreasing odds 
ratios for the four musculoskeletal complaints. With the attention supply model 
significant indirect effects are shown for shoulder (p<0.01) and lower back (p<0.01) 
complaints. Table 3 also includes the linear regression estimates for attention 
demand (p=0.18) and attention supply (p<0.001) to task engagement within the 
mediated model.  
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Table 9: Logistic regression odds ratios and indirect effect (via task engagement) of 
attention demand and attention supply in upper body musculoskeletal complaints. 
Independent 
variable 
 
MSC Direct OR 95% 
C.I. 
Mediated  by 
task 
engagement 
95% C.I. 
Direct and 
mediated by 
task 
engagement  OR 
95% C.I. 
Indirect effect B 1(S.E.) 
based on mediated 
model 
Attention Demand Model 
Direct effects Neck 0.86  
(0.72-1.02) 
 0.93  
(0.75-1.14) 
 
 Shoulder 1.00 
(0.80-1.26) 
 0.90  
(0.81-1.33) 
 
 Upper back 0.83  
(0.70 -0.96)* 
 0.86 (0.72-1.12)  
 Lower back 0.81  
(0.66-0.99)* 
 1.04(0.69-1.07)  
Mediated effects Neck  5.16 
(1.68-15.88)* 
3.52  
(1.15-10.79)* 
0.43(0.11) p<0.001 
 Shoulder  1.70 
(0.68-4.26) 
1.50   
(0.63-3.28) 
0.29(0.32) p=0.29 
 Upper back  7.27 
(1.55-34.11)* 
4.54 
(1.10-18.66)* 
0.50(0.47) p<0.001 
 Lower back  3.90 
(1.51-13.19)* 
2.62  
(0.97-7.03) 
0.36 (0.35) p=0.01 
Task engagement Attention 
demand 
   -0.23(0.09) p=0.01 
Attention Supply Model 
Direct effects Neck 1.01  
(0.95 -1.07) 
 1.03  
(0.97-1.10) 
 
 Shoulder 0.95  
(0.89 -1.01) 
 0.97  
(0.91-1.04) 
 
 Upper back 1.01  
(0.95 – 1.08) 
 1.03  
(0.97 -1.10) 
 
 Lower back 0.94  
(0.88 – 1.00) 
 0.97  
(0.91 -1.04) 
 
Mediated effects Neck  0.60  
(0.35-1.02) 
0.58 
(0.31-0.99)* 
-0.14 (0.09) 
p=0.10 
 Shoulder  0.47  
(0.26 -0.86)* 
0.50  
(0.27-0.94)* 
-0.20 (0.09) 
p=0.02 
 Upper back  0.70 
(0.40-1.20) 
0.43  
(0.23 -0.80)* 
-0.10 (0.09) 
p=0.26 
 Lower back  0.40  
(0.22-0.70)* 
0.64  
(0.36-1.14) 
-0.25 (0.08) 
(p<0.01) 
Task engagement Attention 
Supply 
   0.29 (0.11) p=0.01 
1
Indirect effects are based on standardized model results. Direct models depicted the direct effects of 
the independent variable on the MSC. Mediated models show the indirect effect of the independent 
variable on the MSC. Direct and mediated models combine all effects on MSCs. 
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4.5 Discussion 
Despite the fact that operators participating in this study carried out little or no 
physical work, the prevalence of upper body musculoskeletal complaints appeared 
high. Over 40% of those surveyed (n=96) reported back complaints, 46% (n=108) 
shoulder complaints, 28.1% (n=66) upper back and 57.6% (134) lower back 
complaints. These findings are comparable with a recent Eurofound report 
(Eurofound 2007) which reported 49.2% of plant and process operators in industry 
reporting musculoskeletal disorders. This rate is however, considerably higher than a 
recent multi-sector review which reported average prevalence rates of 14.9 (da 
Costa et al. 2015).  Overall, levels of attention demand along with supply of attention 
tended to be quite high. Task engagement scored low across all industry sectors.  
 
The study model (model 2, Figure 6b) indicated significant links between attention 
supply and attention demand and self-reported neck, and upper and lower back 
complaints via the mediator of task engagement, which supports the study 
hypothesis.  
Overall, the results indicate that attention demand had a greater effect on reporting 
MSCs than attention supply. Odds ratios for the direct effects attention demand 
model show that attention demand had a significant direct effect on upper and 
lower back complaints. Further, introducing the mediator into the relationship 
increased the odd ratios, suggesting that the effect of attention demand on MSCs 
was more pronounced in the presence of low task engagement. For the attention 
demand model, significant indirect effects (via task engagement) are shown for neck 
(p<0.01), upper back (p<0.01) and lower back (p<0.01) complaints. The measure of 
attention demand used in the study focuses on the instability, variability and 
complexity of the work, which measures uncertainty within the environment. 
Uncertainty at work is a psychosocial stressor, particularly when it occurs for 
prolonged periods (Warr 1992) and the default physiological response to uncertainty 
is the sympathoexcitatory preparation for action or ‘fight or flight’ response. 
Workplaces included in the study tended to have high levels of instability and 
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variability associated with the manufacturing process, which helps to explain why 
attention demand predicted MSCs when operators were engaged with the task.  
For the attention supply model, inclusion of the mediator decreased the odd ratios 
for the MSCs significantly in the case of shoulder and lower back complaints. 
Significant indirect effects are also shown for shoulder (p<0.01) and lower back 
(p<0.01) complaints within this model.  
 
 Attention supply measures arousal (energy), concentration and spare mental 
capacity, which could be viewed as positive performance measures of sustained 
attention. Attention in the form of arousal and concentration is supplied to meet 
demands until attentional resources are depleted. The study results suggest that 
when the supply of attention to a task is high, the inclusion of even lowered task 
engagement can reduce the level of stress experienced, making reporting MSCs less 
likely. These results are somewhat in conflict with other studies. As high levels of 
attention supply require increased mental demand, an increase in physiological 
stress effects and consequently, MSCs would have been expected with low task 
engagement (Gerald Matthews et al. 2010). The modelling of an ambiguous 
construct such as task engagement within psychosocial climates is therefore useful 
in order to elucidate its role in the reporting of MSCs. 
 
While Helton et al. found that the effect of increasing workload appears to improve 
task engagement (2008), is has also been shown that task engagement correlates 
with resource availability (Reinerman et al. 2006). This would suggest that, although 
cognitive workload levels are high in these work environments, cognitive resources 
are depleted during monitoring tasks in accordance with the attention resource 
theory and task engagement is subsequently lowered. A recent meta-analysis found 
several motivational constructs to be positively associated with task engagement, 
including autonomy, task variety, feedback, problem solving, and task significance 
(Christian et al. 2011). These variables, particularly autonomy, task variety and 
feedback from the automated system, have been found to be deficient in highly 
automated environments (Truxillo et al. 2012), which further corroborates the low 
task engagement scores within the survey.   
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The study findings should be considered in light of some limitations.  As cross-
sectional data were used, the temporal ordering of task engagement and WRMSDs 
cannot be unequivocally determined. The use of subjective questionnaires will 
introduce self-reporting bias to a study. While these measures of attention have 
been used in previous studies, they have more often been used in relation to 
estimating levels of situational awareness. Although the correlation between task 
engagement and attention supply is weak (r=0.24**), the introduction of some 
collinearity into the model may have made it more difficult to detect an effect in the 
case of attention supply.  
 
4.6 Conclusion 
The study highlights attention demand as a potential psychosocial stressor in highly 
automated environments. It proves that task engagement has a role in the 
relationship between attention and MSCs. Our results suggest that lowered 
engagement coupled with high attentional demand work is linked to an increased 
incidence of musculoskeletal complaints. Existing research has linked attention and 
task engagement, but to our knowledge these measures have not been studied as 
precursors of MSCs previously.  
 
Where possible, sustained attention work should be minimised during job design and 
it should be included as a hazard in risk assessments. Improving task engagement 
may also help to counteract the stressful effects of sustained attention.  
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Chapter 5. Investigating the role of end-tidal CO2 on upper 
trapezius muscle activity in response to sustained 
attention. 
 
Purpose: The aim of this study was to prove that hyperventilation (overbreathing) 
strengthens the effect of attention-related stress on muscle activity 
 
Background:  Many of the mechanisms linking psychosocial risks to musculoskeletal 
disorders are not fully understood. The hyperventilation theory of job stress and 
musculoskeletal disorders is often referenced in the literature but none of these 
studies were based on a mathematical model.  
 
Novelty and contribution to knowledge: The study results were analysed with a 
statistical moderation model to reveal the true role of hyperventilation in the 
relationship between attention-related stress and muscle activity.  
 
Submitted to: International Journal of Industrial Ergonomics 
Published on the 20th April 2017 
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Study 3: The moderating role of end-tidal CO2 on upper trapezius 
muscle activity in response to sustained attention. 
Wixted, F.
1,
 O’ Sullivan, L.W.
1
 
       
1
 School of Design 
       University of Limerick 
Abstract 
With higher levels of automation in modern manufacturing, there is increased 
monitoring of the process by the human operator. Prolonged monitoring or 
sustained attention has been found to be stressful for human operators. Plant and 
process operators have also been found to have one of the highest level of work 
demands (work speed, pace) in a recent European survey (Eurofound 2015). Along 
with this, the incidence of Work Related Musculoskeletal Disorders (WRMSDs) 
remains at a high level in the manufacturing sector. This research endeavoured to 
determine if end-tidal CO2 levels decreased and upper trapezius muscle activity 
increased concurrently with increased levels of attention. We then developed a 
model to investigate if end-tidal CO2 moderated the relationship between mental 
workload due to sustained attention and upper trapezius muscle activity. The 
resulting interactional model found that end-tidal CO2 moderated the relationship 
(p=0.004) when end-tidal CO2 reached the hypocapnic range (>35 mm Hg). This 
model indicates the possibility that a high level of sustained attention is a risk factor 
in the development of WRMSDs and should therefore be included in workplace risk 
assessments. 
 
5.1 Introduction 
The globalisation of financial and product markets are increasing international 
competition, resulting in rapid technological change and expectations for higher 
performance at both the corporate and individual levels (Narula 2014). This has 
contributed to an emerging trend of work intensification with an increase in 
workload and work pressure (EUOSHA 2007; Eurofound 2015). Industry is meeting 
this challenge through increasing levels of automation and robotics technology 
(Probst et al. 2013). Between 2015 and 2018, it is estimated that about 1.3 million 
new industrial robots will be installed in factories around the world (IFR 2016).  One 
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motivator for  advancements in automation technology has been the reduction in 
human mental workload, albeit that  increased monitoring creates mental workload 
in itself (Parasuraman et al. 2000; Lee 2006a).  Increased cognitive demand  for 
operators acting as system supervisors is likely to arise from the requirement for 
additional monitoring of automation (Kaber and Endsley 2004).  Sustained attention 
is a dominant component of job content in modern manufacturing and it is likely 
that the duration of monitoring required has increased in line with work 
intensification. Hancock (2013a) ascertains that while sustained attention has always 
been part of human life, operators’ lack of control of the focus of their attention 
within modern automated environments is a source of stress.  
 
5.1.1 Sustained attention  
Sustained attention or vigilance refers to the ability to maintain  focus of attention 
and to remain alert to stimuli over prolonged periods of time (Molloy and 
Parasuraman 1996).  There are two main theoretical approaches which explain 
vigilance. The mindlessness model is based on the premise that repetitive and 
monotonous tasks reduce the level of stimulation required by the central nervous 
system resulting in a lowered sensitivity to signal detection (Heilman 1995; 
Robertson et al. 1997; Manly et al. 1999; Thomson et al. 2015). It is proposed that as 
the mind disengages from the task, it is preoccupied with task unrelated thoughts 
(Giambra 1995; Smallwood et al. 2004; Allen et al. 2013). The attentional resource 
theory is an alternate view has also been used to understand the concept of 
vigilance (Fisk and Schneider 1981; Wickens 1984; Fisk and Scerbo 1987; Warm et al. 
2015). Contrary to viewing attention tasks as under stimulating, this approach 
considers vigilance as being resource demanding and posing significant mental 
workload for operators.  Experiments using two subjective mental workload scales, 
the NASA Task Load Index (NASATLX) (Hart and Staveland 1988) and the Multiple 
Resources Questionnaire (Boles and Adair 2001; Boles and Dillard 2015), have 
demonstrated that vigilance tasks are highly mentally demanding where there are 
multiple sources of workload (Warm et al. 1996; Finomore et al. 2008; V.S. Finomore 
et al. 2009; Finomore et al. 2013).  Recent neuroimaging studies have  shown that 
sustained attention is a stressful task for human beings  (J.S. Warm et al. 2008).  It 
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has also been reported that stress hormones or catecholamine levels are elevated 
during sustained attention tasks (Frankenhaeuser 1976; Lundberg and 
Frankenhaeuser 1980; Lundberg 2005). Matthews et al. (1999) using the Dundee 
State Stress Questionnaire (DSSQ)  showed that vigilance tasks lead to a loss of task 
engagement and an increase in feelings of distress, and that these changes increase 
as task difficulty increases. We can therefore surmise that humans are poor at 
vigilance tasks (Hancock et al. 1995).  These tasks impose significant mental 
workload on human operators and can be stressful (J.S. Warm et al. 2008).  
 
5.1.2 Links between mental demand and musculoskeletal disorders 
Excessive mental demand due to prolonged monitoring by manufacturing operators 
is likely to contribute to adverse health effects. Along with evidence that mental 
demand due to sustained attention is stressful for humans, it has also been linked to 
an increase in muscular activity. Consequently, high mental demands have been 
found to increase the risk of work related upper limb disorders (WRMSDs), (Elovainio 
and Sinervo 1997; Sjøgaard et al. 2000; Laursen et al. 2002; Smith et al. 2004).  
WRMSDs refer to a broad range of inflammatory and degenerative conditions that 
affect the body’s muscles, tendons, ligaments, joints and blood vessels (Punnett and 
Wegman 2004).  Across the 27 EU Member States, WRMSDs represent the most 
common work related health disorders. WRMSDs represented 38% of all recognized 
diseases covered by the European Occupational Diseases Statistics in 2005 (EUOHSA 
2010). The burden posed by musculoskeletal disorders is predicted to increase 
particularly in developing countries (Woolf et al. 2012).  
 
Researchers have suggested a variety of mechanisms underlying the relationship 
between computer work and musculoskeletal problems (Bongers et al. 1993; Lim 
1994; Sauter and Swanson 1996; Smith and Carayon 1996a). Hagg (1991) proposed 
that low levels of muscle tension can contribute to WRMSDs of the upper 
extremities, neck, and shoulders. Sustained static postures, where operators 
maintain prolonged attention on a computer screen may contribute to low level 
static muscular loading by keeping muscles tensed over long periods particularly in 
the neck and shoulder regions of the upper body (Waersted and Westgaard 1996).  If 
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the muscle has little opportunity to relax from a sustained posture during the 
working day, muscular fatigue can occur even at low levels of physical activity, 
leading eventually to muscular injury  (Jonsson 1988; Enoka and Stuart 1992). Static 
muscular loading also leads to a deficiency in blood circulation (Sjøgaard et al. 1988) 
and the reduced blood flow increases the concentration of metabolites and 
inflammatory substances in the muscle resulting in additional sensitivity and pain 
(Rosendal et al. 2004).  Knardahl (2002)  postulates that vasodilatation of skeletal 
muscle during cognitive tasks like monitoring work originates from nociceptive 
interactions in the connective blood vessels that supply the muscle. 
 
5.1.3 Hyperventilation 
A further theory linking stress to muscle activity is the hyperventilation theory. This 
theory posits that job stress can be linked to WRMSDs through a breathing 
mechanism called hyperventilation (Schleifer et al. 2002). Hyperventilation refers to 
breathing that exceeds the metabolic requirements for oxygen (Gravenstein et al. 
1995; West 2012). It can be measured by detecting a decrease in end-tidal CO2,  
(partial pressure CO2) at the end of an exhaled breath (LaValle and Perry 1995). 
Hyperventilation causes a drop in arterial CO2 resulting in hypocapnia and 
respiratory alkalosis. This disruption in acid-base equilibrium will in turn trigger a 
neuronal excitation causing increased muscle tension and spasms with adverse 
effects for muscle tissue. 
 
 It is known that respiration is sensitive to cognitive workload. Under conditions of 
stress, the respiration rate increases and the mode of respiration shifts from 
diaphragmatic or abdominal breathing, to thoracic or chest breathing, and 
hyperventilation occurs (Naifeh 1994). The literature to date has shown evidence for 
a relationship between mental stress and end-tidal CO2. Greater reductions in end-
tidal CO2 were found in students who were anxious above those that weren’t during 
a memory test (Ley and Yelich 1998). End-tidal CO2 was found to successfully 
differentiate between three cognitive test conditions when respiration rate and 
interbeat interval could not (Schleifer and Ley 1994).  A further study by Schleifer et 
al. (2008) proposed that lowered end-tidal CO2 may mediate trapezius muscle 
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activity during computer data entry tasks. While it has been shown that those in a 
state of hypocapnia (reduced CO2 in blood) resulting from hyperventilation have 
reduced attention (Van Diest et al. 2000; G. Matthews et al. 2010), limited 
information is available on the situation where end-tidal CO2 changes due to 
sustained attention.  In spite of findings that end-tidal CO2 is a sensitive 
differentiator of cognitive tasks, it has not been widely studied in the area of mental 
workload or in terms of its relationship with muscle activity.   
 
5.1.4 Upper Trapezius Muscle Activity 
Upper trapezius muscle activity has been found to be indicative of upper body 
muscular activity in general (Visser and van Dieën 2006), and has been shown to 
increase activity via psychosocial stress mechanisms (Wijsman et al. 2013). Upper 
trapezius muscle activity was therefore selected for this study. In relation to 
computer work in particular, increases in shoulder muscle activity have been linked 
to mental demands (Sjøgaard et al. 2000; Wijsman et al. 2013). Trapezius muscle 
activity has also been found to be a good indicator of emotional stress (Cacioppo and 
Tassinary 1990). Waersted and Westgaard (1996), in their study of task-irrelevant 
attention, found that upper trapezius muscles were sensitive to changes in attention.  
A recent study  which focused on young workers found that prolonged increases in 
trapezius muscular activity was linked to the development of neck and shoulder pain 
(Hanvold et al. 2013).  A further explanation for the influence of psychosocial stress 
factors on upper extremity musculoskeletal disorders is that hyperventilation 
imposes a biomechanical load on the neck/shoulder region. This is a direct result of 
the shift from abdominal to chest breathing, as upper trapezius muscles are more 
active during chest breathing (Criswell 2010).  
 
5.1.5 Research Rationale 
This study is based on the hyperventilation theory of job stress and musculoskeletal 
disorders (Schleifer et al. 2002),  and  attempts to fill a gap in the literature in 
relation to  the  relationship between  sustained attention, end-tidal CO2 and upper 
trapezius muscular activity. We evaluated sustained attention as a risk factor in the 
development of WRMSD complaints. End-tidal CO2 has been proposed as a mediator 
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in the relationship between mental workload and upper trapezius muscle activity 
(Schleifer et al. 2008). This study however, investigated whether end-tidal CO2 is a 
moderator of this relationship at concentrations of end-tidal CO2 in the hypocapnic 
range (<35 mmHg).  A mediating variable is one that creates an indirect relationship 
between two variables. In other words, a mediator is necessary to be present in 
order for the relationship to occur.  A moderator variable is a variable that affects 
the strength of the relationship between two variables (Hayes 2013) and is 
characterised as a significant interaction. Moderating variables indicate when and 
under what conditions an effect can be expected.  
 
 In this study, we hypothesize that 
 (a) end-tidal CO2 levels decrease in line with increased levels of sustained attention; 
and 
 (b) that end-tidal CO2 is a moderator in the relationship between sustained 
attention and upper trapezius muscle activity.  
 
5.2 Method 
5.2.1 Study Design 
The dependent variable was upper trapezius muscle activity, the independent 
variable was sustained attention related mental workload and the moderating 
variable was end-tidal CO2.  
5.2.1.1 Upper Trapezius Muscle Activity. 
 Surface EMG was recorded using disposable, pre-gelled dual Ag/AgCl electrodes 
(Covidien H124SG 24 mm). A Nexus 10 (Mind Media BV) physiological monitoring 
and feedback platform with Bluetooth communication was used for recording 
muscle activity at a sampling rate of 2048 Hz. Raw Root Mean Square (RMS) values 
were averaged over 1/8 second epochs using the Biotrace software programme. The 
bandpass DC corrections were set at 0.1 Hz. A digital 4th order Butterworth 
cascaded IIR bandpass filter was set to 20-500Hz in the Biotrace software. 
Impedance of the active channels was set at 1012Ω.  
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5.2.1.2 Mental Workload 
Each participant underwent four study conditions that required different levels of 
mental workload. These were the baseline or rest condition and three separate 
attention tasks:  NBACK, SART and AVT which required low, medium and high levels 
of attention respectively. The baseline condition required participants to sit at a 
computer workstation in front of a blank computer screen for 12 minutes. Three 
levels of attention tasks were included to reflect variation in the degree of attention 
required in industry. The level of mental workload was measured for each task using 
the NASA task load index. 
5.2.1.3 Attention Tasks.  
The N-back  test  (Jaeggi et al. 2008) was the low attention test. It involved a square 
appearing every 4.5 seconds in one of eight different positions on a white grid placed 
on a black computer screen. The participant had to respond by pressing the ‘Y’ key 
on the keyboard if the position of the displayed square was the same as the one that 
was presented immediately prior.  
 
Two tests requiring high levels of sustained attention, the Sustained Attention to 
Response Test (SART) (Robertson et al. 1997) and the Abbreviated Vigilance Test 
(AVT) were also used.  The SART has been widely used to test sustained attention 
(Smallwood et al. 2004; Cheyne et al. 2009). In this method, 675 single digits (75 of 
each of the nine digits) were presented visually over a 12.9 min period. Each digit 
was presented for 250 msec, followed by a 900 msec mask. Participants responded 
with a key press of their dominant hand to each digit, except for 75 occasions on 
which the digit 3 appeared, when they had to withhold a response. Both digits and 
mask were presented centrally on white, against a black computer screen.   
 
The abbreviated vigilance test is a 12 minute test divided into six periods of 2 
minutes. The numerals O, D and a backwards D are presented in a repetitive format 
as 8 X 6mm light grey capital letters. The letters (24 point in Avante Garde font) were 
shown for 40 ms against a visual mask consisting of unfilled circles on a white 
background. Stimuli were presented at a rate of 57.5 events/minute which is 
 109 
 
considered to be a very high event rate (Nuechterlein et al. 1983). The critical signal 
for detection was ‘O’. The order of presentation of the three stimuli was randomised 
and detection of the critical signal was recorded by participants hitting the space bar 
with their dominant hand. This test  has reproduced the high workload and the 
stressful character of vigilance tasks lasting 30 minutes or more (Temple et al. 
2000a). 
 
5.2.1.4 NASA—Task Load Index.   
The NASA- task load index (NASA-TLX) is a well-regarded instrument used to 
measure the level of perceived mental workload experienced during tasks (Hart and 
Staveland 1988; Nygren 1991; Proctor and Van Zandt 1994; Wickens et al. 2015). 
This scale identifies the relative contributions of six sources of workload: mental 
demand, temporal demand, physical demand, performance, effort, and frustration.  
Previous research has shown that vigilance tasks are mentally demanding with 
mental demand and frustration being the principal components of the NASA- TLX 
associated with vigilance tasks (Szalma et al. 2004; Helton et al. 2005b; J.S. Warm et 
al. 2008).  The NASA -TLX scale was presented in hard copy format. 
 
Scoring was on a Likert scale from 1 to 7, with 1 representing no effort and 7 
representing maximum effort.  Indices of validity, reliability and discriminating 
power have been shown to improve when response scales had up to a 7 response 
option, and the test-retest reliability decreased with response scales greater than 10 
(Preston and Colman 2000),  therefore a 7 point scale was chosen in this study. The 
NASA-TLX paired comparison procedure was not included in the study as is not 
deemed critical for valid workload assessment (Nygren 1991). The unweighted score 
were used for the analysis (Hendy et al. 1993). The final score was reported out of 
100 to make it comparable to other studies. 
5.2.1.5 End-tidal CO2 
End-tidal CO2 is hypothesised as a moderator variable in this study. In this context, 
end-tidal CO2 is a third variable that represents the conditions under which the 
effect of attention related mental workload on upper trapezius muscle activity 
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(dependent variable) become maximally effective. Peak concentrations of carbon 
dioxide gas in expired air were measured using the CosMED K4B2 physiological 
measurement system.  This system is a sidestream capnograph where the exhaled 
CO2 is aspirated via a mask through a sampling tube connected to the instrument for 
analysis. Samples were taken every 5 seconds and averaged over each task. The 
partial pressure of end-tidal CO2 is highly correlated with alveolar pCO2 (Wientjes 
1992) which  is regarded as a valid estimate of arterial pCO2  (Phan et al. 1987). The 
normal values are 5% to 6% CO2, which is equivalent to 35-45 mmHg (Hollinger and 
Hoyt 1995) . 
 
5.2.2  Participants 
Twenty two participants, 12 male and 10 female undergraduate students ranging in 
age from 18 to 41 (M= 21.21, SD=5.35) provided written informed consent to take 
part in the experimental study. Local ethics approval was granted prior to participant 
recruitment.   
 
5.2.3 Procedure 
Each participant was informed of the purpose of the experiment. Participants 
completed a health history questionnaire and met the following criteria (a) did not 
suffer from musculoskeletal disorders (b) had no history of cardiovascular disease 
and (c) were non-smokers. All participants had normal or corrected to normal vision. 
The Edinburgh handedness inventory (Oldfield 1971) was also completed by all 
participants. Twenty one of the twenty-two participants were right-handed. The 
physiological measurement equipment was then attached to each participant. 
5.2.3.1 Upper Trazpezius Electromyography 
Surface EMG was recorded from the non-dominant upper trapezius muscle by 
placing the Ag/AgCl electrodes centred on a point 2 cm lateral to the midpoint 
between the acromion process and the spinous process of the seventh cervical 
vertebrae. A bipolar configuration was employed with a centre to centre inter 
electrode distance of 20 mm. Active electrodes were referenced to a ground 
electrode placed over the radius bone on the participants non-dominant inner wrist. 
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Electrode placement and skin  preparation was performed in line with the SENIAM 
protocol (Stegeman and Hermens 2007). 
5.2.3.2 End-tidal CO2 
End-tidal CO2 (PetCo2 mmHg) concentrations in expired air were measured by 
attaching a fitted facemask to each participant. A fit–test was performed by asking 
each participant to place their hand over the inlet of the face mask while breathing 
out to detect any leaks. 
 
5.2.4  Test Conditions 
Participants completed four test conditions, baseline, NBACK, SART and AVT. The 
baseline condition was completed first for each person.  Participants were asked to 
sit at the workstation in a neutral posture, their shoulders relaxed, the left forearm 
and hand (non-dominant hand) resting on the computer workstation. The users’ 
right arm was placed so that the elbow was flexed 90°, their forearm was resting on 
the workstation surface and their hand positioned on the computer keyboard. For 
each test the screen was positioned approximately 40 cm from the participants’ 
eyes.  Latin square orders (Dénes and Keedwell 1974)  were used to vary the 
sequence of tasks for each participant. Each condition was approximately 12 minutes 
in length.  Rest periods, where the participants were asked to relax between each 
test were 12 minutes long. Each participant completed a NASA-TLX questionnaire at 
the end of each attention task.   
 
5.3 Statistical Analysis 
Statistical analysis was carried out using the SPSS 22.0 software package. End-tidal 
CO2 and NASA-TLX mental workload data were normally distributed.  The surface 
electromyography (raw RMS) data were non-normally distributed and underwent log 
normal transformation to a normal distribution. Statistical testing was then carried 
out using repeated measures ANOVA tests with significance levels set at the 5% 
level. Post-hoc analysis was performed using the Bonferroni correction. The 
assumption of sphericity (Mauchlys test) was violated for end-tidal CO2 and upper 
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trapezius muscle activity so Wilks lambda was therefore reported for these variables 
(Pallant 2013). 
 
 
 
Moderation analysis was then carried out using the PROCESS macros (SPSS 22.0), 
which generates a multiple linear regression based path analysis resulting in a 
moderation model (Hayes 2013). The data were mean centred in order to plot the 
simple slopes and Johnson-Neyman graphs. In constructing the simple slopes plots, 
the SPSS programme automatically divided the mental workload scores and the 
PetCO2 results into three levels for each variable: low, average and high. Simple 
slopes show changes in the dependent variable at varying levels of the independent 
and moderating variables. The Johnson-Neyman plot shows the point of significance 
(p=0.05) at which the effect of mental workload on end-tidal CO2 starts to cause an 
increase in upper trapezius muscle activity. 
 
5.4 Results 
Table 10 gives a summary of descriptive statistics of upper trapezius muscle activity 
and end-tidal CO2 data for all study conditions. It also gives the significance levels, F-
values and η2 for repeated measures ANOVA on the effect of the task (baseline,  
NBACK, SART and AVT) on upper trapezius muscle activity and end-tidal CO2. 
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Table 10 Descriptive statistics and ANOVA of physiological variables for baseline 
and attention tasks 
 
1A one-way repeated measures ANOVA, *The mean differences are significant at the 
0.05% level. L. denotes lower and U. upper confidence intervals. 
 
5.4.1 NASA-TLX for the task conditions 
One-way repeated measures ANOVA revealed that scores were significantly different 
between the attention tasks. Sphericity assumed [χ2(2)=3.17, p=0.21], F (2, 42) = 
87.24, p<0.001). The effect size calculated using eta squared was 0.806 and the 
observed power 1.00. Post-hoc analysis revealed that there was a significant 
difference between the NBACK and SART task (p<0.001), the NBACK and AVT task 
(p<0.001) and the SART and AVT tasks (p<0.001). On the basis of the results, we can 
conclude that the NBACK task (mean score: 32.72 ± 8.08) can be considered a low 
level attention task for the purpose of this study. The SART (mean score: 49.16 ± 
8.92) was considered the medium level attention task with the AVT (Mean Score: 
 
BASELINE  NBACK  SART  AVT  
ANOVA
* 
F-
value 
(df1, 
df2) 
  
95% 
CI 
 
95% 
CI 
 
95% 
CI 
 
95% 
CI 
 
Mean 
(S.E.) 
L. Mean 
(S.E.) 
L. Mean 
(S.E.) 
L. Mean 
(S.E.) 
L. 
U. U. U. U. 
Upper 
Trapezius 
Activity (µV) 6.52 4.29 18.23 
12.9
1 24.76 17.64 22.22 
17.9
4 p<0.001 
 
 
 
15.59 
 
(1.08) 8.75 (2.57) 
23.5
6 (3.43) 31.88 (2.07) 
26.5
1 
 
 
(3,22) 
End-tidal CO₂ 
(mmHg) 34.01 32.33 33.92 
32.4
8 32.73 31.42 33.19 
31.9
0 p<0.001 
 
 
11.60 
 
(0.81) 35.70 (0.69) 
35.3
6 (0.63) 34.04 (0.62) 
34.4
8 
 
 
(3,19) 
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57.61 ±1.73) being the high level attention task. Figure 9 uses boxplots to show the 
difference between the tests. 
 
Figure 9: Boxplots of NASA-TLX scores for three attentions tasks including post-hoc 
significance values. 
 
5.4.2 Upper trapezius muscle activity 
The upper trapezius muscle activity was significantly different across the test 
conditions (Table 10), Wilks lambda=0.289, F(3,22) =15.59, p<0.0005. The partial eta 
squared = 0.70 and observed power = 1.00 (Cohen 1988) indicates a large effect or 
change in upper trapezius muscle activity between tasks. Post hoc analysis revealed 
that there was a significant difference between the baseline and each attention task 
(p<0.001).   There was a significant difference between the NBACK and the SART 
tests (p<0.001) and the NBACK and AVT test (p<0.001). A significant difference in 
muscle activity was not detected between the SART and AVT tasks (p=1.000).  
5.4.3 End-tidal CO2 
Attention tasks had a significant effect on end-tidal CO2. Wilks Lamda = 0.27, F (3, 19) 
=11.60, p<0.0001. The partial eta squared =0.73 which indicates a very large effect 
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(Cohen 1988) and the observed power was 0.99. Post-hoc analyses showed a 
significant difference between the control condition (baseline) and the three 
attention tests (NBACK: p=0.04, SART: p<0.0001, AVT: p<0.001).  There were also 
significant differences between the three attention tasks (NBACK & SART: p<0.001), 
(NBACK & AVT: p=0.007), (SART & AVT: p=0.007). 
 
5.4.4 Moderation analysis 
The results of a multiple regression moderation model in which the effect of mental 
workload on upper trapezius muscle activity is moderated by end-tidal CO2 are 
shown in Table 11. The moderation models for the NBACK and AVT tasks were 
statistically significant at the p<0.05 level and at the p<0.01 level for the SART task. 
Both mental workload (b=0.45 95% C.I. (0.4328, 6.7571), t=2.3, p=0.03) and PetCO2 
(b=0.5 95% C.I. (0.7293, 14.0203), t=2.39, p-0.03) are shown to be significant 
predictors of upper trapezius muscle activity. Moderation is shown by the significant 
interaction effect between mental workload and end-tidal CO2, b= -0.12 CI (-0.2086, -
0.0160), t =-2.18, p<0.004 indicating that the relationship between mental workload 
and upper trapezius muscle activity is moderated by PetCO2.  
 
 
Table 11: Regression model coefficients of upper trapezius muscle activity for 
attention tasks 
TASK NBACK       SART       AVT       
  B SE b t P B  SE b t p b SE b t p 
Constant -15.19 7.15 
-
2.12 0.48 
-
207.
01 
103.
3 
-
2.04 0.06 
-
183.
09 
100.
91 
-
1.81 0.09 
             PetCO2 0.5 0.21 2.39 0.03 7.19 3.15 2.29 0.03 6.49 3.08 2.1 0.05 
             Mental 
workload 0.45 0.19 2.3 0.03 3.52 1.5 2.34 0.03 3.2 1.48 2.15 0.05 
             Mental 
workload X 
End-tidal 
CO2 
-0.12 0.01 
-
2.18 
0.04 
-
0.11 
0.04 -2.4 0.03 -0.1 0.04 
-
2.22 
0.04 
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The R2 values for the overall models (Table 12) show that 37% of the upper trapezius 
muscle activity variance in the NBACK, 26% in the SART and 44% in the AVT models 
are predicted by variance in mental workload and PetCO2.   
The R2 interaction value shows that 17% of the variance within the NBACK, 24% for 
SART and 30% for AVT models, was attributable to the interaction between mental 
workload and end-tidal CO2. In other words, 45% (0.17/0.37), 92 % (0.24/0.26), and 
68% (0.3/0.44) of the variance for the upper trapezius muscle activity in NBACK, 
SART and AVT models respectively is statistically attributable to the moderation 
effects of end-tidal CO2. 
 
Table 12: R2 values for moderation model for each attention task. 
 Model R2 P-Value Interaction 
(Mental 
Workload & 
PetCO2 R
2) 
P-Value 
NBACK 0.37 0.04 0.17 0.04 
SART 0.26 0.10 0.24 0.03 
AVT 0.44 0.01 0.3 0.01 
 
Figures 10-12 plot the conditional effect or ‘simple slope’ of mental workload at 
three levels (low, medium and high) of end-tidal CO2 by using the estimated 
coefficients from the model for the three attention tasks. Separate regression lines 
were plotted for low levels of PetCO2 (one standard deviation below the mean), 
medium levels of PetCO2 (PetCO2 mean), and one standard deviation above the 
mean (Cohen et al. 2003).  
 
The plots give a graphical representation of the relationship between mental 
workload and upper trapezius muscle activity at three levels of the moderator. It is 
evident from the plots that at lower levels of end-tidal CO2 (<31 mmHg), the 
relationship between the other two variables is clearly positive and higher levels of 
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upper trapezius muscle activity are related to higher mental workload scores. There 
is also a positive relationship with average levels of end-tidal CO2 (31-35 mmHg) and 
the relationship appears to be negative when end-tidal CO2 levels are high 
(>35mmHg). We further investigated this interaction using the Johnson-Neyman 
technique (Hayes 2013). This technique mathematically derives the regions of 
significance for the conditional effect of mental workload on end-tidal CO2, or the 
values within the range of the moderator in which the association between mental 
workload and upper trapezius muscle activity is statistically different from zero. The 
results are summarised in Table 3. The results show that below the moderator values 
of 33.76 mmHg, 34.76 mmHg and 33.74 mmHg for the low, medium and high level 
attention tasks respectively, the models showed statistically significant conditional 
effects of mental workload for each task. These values are consistent with the 
hypocapnic range of hyperventilation of < 35 mmHg. A Johnson-Neyman plot depicts 
the conditional effect of mental workload on upper trapezius muscle activity at the 
95% C.I. upper limit, the 95% C.I. lower limit and the point estimate for the 
moderator when the data from the three attention tasks are combined (Figure 13). 
The plot shows that at or below 32.59 mmHg, end-tidal CO2 significantly moderates 
the relationship between mental workload and upper trapezius muscle activity for 
the combined study data. Above the level of significance, mental workload does not 
increase muscle activity. We can deduce from figure 13 that the higher the mental 
workload, the more strongly end-tidal CO2 predicts an increase in upper trapezius 
muscle activity.  
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Figure 10: Simple slopes analysis for NBACK attention task 
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Figure 11: Simple slopes analysis for SART attention task 
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Figure 12: Simple slopes analysis for AVT attention task 
Table 13 lists the values at which PetCO2 started to significantly moderate (P=0.05) 
the relationship between attention related mental workload and upper trapezius 
muscle activity for each task. The combined test data is given where data from the 
three tests were run together in one model.  
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Table 13: Moderator values (PetCO2) defining Johnson-Neyman significance region 
(p=0.05) 
 PetCo2 (mmHg) % Participants 
below J-N 
significance region 
% Participants 
above J-N 
significance region 
NBACK (n=22) 33.76 57.14 42.85 
SART (n=22) 34.76 68.18 31.81 
AVT (n=22) 33.74 63.63 36.36 
Combined test 
data (n=66) 
32.59 56.06 43.94 
 
 
 
Figure 13: Johnson-Neyman plot for combined test data (three attention tests) 
with conditional effects of mental workload on upper trapezius muscle activity 
plotted on the y-axis. 
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5.5 Discussion 
5.5.1 Upper Trapezius Electromyography 
Increases in resting trapezius EMG activity from baseline were evident as sustained 
attention increased. The findings indicate that the attention tasks induced 
psychosocial stress in the participants thereby altering the physiological activity of 
the trapezius muscles. Muscle activity increased with increased level of sustained 
attention required as measured via the NASA-TLX.  As the non-dominant arm 
remained stationary during the experiment and neutral postures were maintained 
consistently, increases in muscular activity could not be attributed to additional 
biomechanical demands. Melin (1997a) postulated that psychological stress induces 
low levels of muscle tension, keeping the small motor units active on a continuous 
basis even when these muscles get periodic breaks from physical work.  Based on 
previous studies, the muscle activity detected is likely to be Type 1 muscle fibre 
activity.  Hypotheses  such as the Cinderella  hypothesis (1991)  and Henneman size 
principle (1965) suggest an overload of Type 1 muscle fibres in low static contraction, 
and these have been associated with occupational static loads (Larsson et al. 1988; 
SØGaard 1995; Lundberg et al. 2002). Many studies have found that psychological 
stress and elevated mental workload may cause increases in muscular activity 
(Bongers et al. 1993; Vollestad 1993; Woersted et al. 1993; Lundberg et al. 1994; 
Waersted and Westgaard 1996) and as a result increase the risk of muscle fatigue 
and discomfort (Westgaard and Bjørklund 1987; Mehta et al. 2012; Mehta and 
Agnew 2012b). Sustained increases in muscular activity and tension have been 
identified as a contributor to WRMSDs (Lundberg et al. 1999; Lundberg et al. 2002; 
Visser et al. 2004; Bongers et al. 2006; Schleifer et al. 2008; Griffiths et al. 2011).  
Previous studies report a relationship between stress and muscular activity (Schleifer 
et al. 2008; Wijsman et al. 2013) but the present study was distinct in its focus on 
attention-specific tasks as opposed to more typical cognitive stress tests e.g. Stroop 
test (Stroop 1935).   
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5.5.2 End-tidal CO2 
Decreases in end-tidal CO2 were evident as the participants moved from the baseline 
condition to the low-level attention task, and further decreases were observed as 
the medium and high level attention tasks were completed. Decreases in end-tidal 
CO2 were also consistent with increases in trapezius muscle activity. This result 
supports hypothesis 1.  It has been suggested that the relationship between end-
tidal CO2 and muscle functioning is two-fold. Hyperventilation or overbreathing 
firstly imposes a biomechanical load on the neck-shoulder region as a result of 
activating the sternocleidomastoid, scalene, and trapezius muscles in support of 
thoracic breathing under stress (Hall 2010). Secondly, hyperventilation as a result of 
stress results in a decrease in the proportion of CO2 in blood and a subsequent rise in 
blood pH (respiratory alkalosis) (Lum 1976). This change in pH increases the 
likelihood of motor unit activation. The second hypothesis queried if the relationship 
between mental workload and upper trapezius muscle activity depended on levels of 
end-tidal CO2. The moderation model supported hypothesis 2 by proving that end-
tidal CO2 moderated the relationship between sustained attention and upper 
trapezius muscle activity for each attention test at values below 35 mmHg. Most 
medical sources define hypocapnia as less than 35 mmHg for partial CO2 pressure in 
the arterial blood (Oakes 2008). The model is therefore useful as it proves that 
increased levels of attention-related mental workload can lead to elevated upper 
trapezius muscle activity through hypocapnic hyperventilation conditions. It has 
been proposed previously that a relationship exists between stress induced 
hyperventilation and musculoskeletal disorders at work (Schleifer and Ley 1994; Ley 
1995; Ley and Ley 1996; Schleifer et al. 2008).  Our model further informs this 
established relationship by defining the arterial end-tidal CO2 conditions necessary 
for sustained attention tasks to contribute to muscular activity.  
 
Our results further support the attentional resource model of sustained attention. 
The attention tasks, including the SART task which contrary to promoting 
mindlessness as it was designed to do, elicited a physiological stress response which 
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is consistent with the view that attention tasks require high mental workload and are 
stressful.  
 
5.5.3 Implications for Work Design 
Organizations should consider sustained attention as a potential risk factor in the 
development of WRMSDs and factor this into future job design.  Modern approaches 
to automation such as adaptive automation, which adapt automated processes to 
the human operator should recognise that sustained periods of attention are not 
beneficial to employee health. With adaptive automation, both the user and the 
system can initiate changes in the levels of automation with the objective of optimal 
human-machine performance (Sheridan 2011). If more monitoring tasks are shared 
with the automation, operators will avoid a sustained increase in low-level muscle 
activity and potential activation of physiological stress mechanisms. Using 
organisational interventions such as job rotation and meditation training (MacLean 
et al. 2010) for tasks requiring high levels of sustained attention might represent 
testable strategies to reduce the impact of this work on psychophysiological 
responses.  
 
5.5.4 Limitations for practice in industry 
The precise relationship between psychophysiological response and increased risk of 
musculoskeletal disorders remains unclear, which is a clear limitation for this study.  
It is also acknowledged that using short attention tasks alone is not reflective of a 
typical workplace monitoring scenario where operators may have to monitor 
processes along with carrying out other tasks over the work shift. A standardised 
self-report questionnaire tool was used to check mental workload levels of the tests 
employed which might influence the outcome due to individual reporting bias 
(Adams et al. 1999) . Gender differences were not determined due to insufficient 
power to run the moderation model within the smaller gender groups. 
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5.6  Conclusions 
This study supplements current research in providing a statistically significant 
moderation model that supports the existence of a relationship between attention 
tasks and muscular activity when end-tidal CO2 values are in the hypocapnic range. 
This is the first research study that has provided evidence of this moderated 
relationship. We can also conclude that increases in sustained attention resulted in 
an elevated psychophysiological stress response and it can therefore be considered a 
psychosocial stressor (Cox et al. 2000b; Szalma et al. 2004; J.S. Warm et al. 2008; 
Helton et al. 2010). We can deduce from these results that the intensive monitoring 
component of operator roles in modern manufacturing is likely to contribute via an 
increase in sustained muscular activity to the development of WRMSDs. 
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Chapter 6. Modelling the effect of sustained attention on 
upper trapezius muscle activity  
 
 
Purpose: The aim was to expand on the previous study in bringing the influences of 
the parasympathetic system into the model linking attention demand and muscle 
activity 
 
Background: High frequency heart rate variability which reflects the activity of the 
parasympathetic nervous system is widely used as a measure of mental stress. 
Respiration is also linked to heart rate variability. Based on a review of the literature, 
it was likely that the parasympathetic nervous system activity would decrease when 
exposed to stress, and would also influence hyperventilation and muscle activity.  
 
Novelty and contribution to knowledge: A moderation mediation statistical model 
was developed which links attention demand to increased muscle activity via 
inhibition of the parasympathetic nervous system and hyperventilation. This model 
is a unique contribution to the literature. 
 
Submitted to: International Journal of Industrial Ergonomics 
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Study 4: Effect of attention demand on upper trapezius muscle activity 
– a moderated mediation model. 
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Abstract 
Manufacturing continues to become more automated. Consequently, production 
operators are monitoring automated processes for prolonged durations. The 
sustained attention required for monitoring work has been was found to be stressful 
for humans. This study hypothesises that sustained attention is a psychosocial 
stressor that increases upper trapezius muscle activity via a psychophysiological 
pathway in a series of simulated industrial tasks. A moderated mediation model was 
tested and accepted with the parasympathetic nervous system acting as a mediator 
contingent on certain levels of end-tidal CO2. The study outcomes confirmed that 
sustained attention acts as a psychosocial stressor which increases upper trapezius 
muscle activity by inhibiting the action of the parasympathetic system and increasing 
hyperventilation. 
 
6.1 Introduction 
6.1.1 Background 
 Global competition and growing consumer markets have stimulated the continued 
advancement of production facilities. One approach to improving manufacturing 
efficiencies is to increase levels of automation and robotics (Probst et al. 2013),  with 
an estimate that about 1.3 million new industrial robots will be installed in factories 
around the world between 2015 and 2018 (IFR 2016). This growth in automation has 
led to increased mental workload requirements for operators in the form of 
monitoring or sustained attention (Hancock 2013b; Young et al. 2015).   
 
Along with evidence that mental demand due to sustained attention is stressful for 
humans (Warm et al. 2008b) , mental demand has also been linked to increased 
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muscular activity (Larsman et al. 2011; Larsman et al. 2013). High levels of mental 
demands have been found to increase the risk of developing Work Related 
Musculoskeletal Disorders (WRMSDs) (Elovainio and Sinervo 1997; Sjøgaard et al. 
2000; Laursen et al. 2002; Smith et al. 2004).  WRMSDs refer to a broad range of 
inflammatory and degenerative conditions that affect the body’s muscles, tendons, 
ligaments, joints and blood vessels (Punnett and Wegman 2004).  Across the 27 EU 
Member States, WRMSDs represent the most common work related health 
disorders.  
 
6.1.2 Links between psychosocial stressors and muscular activity  
Psychosocial stressors can be defined as demanding conditions that tax or exceed 
the resources of an organism (Lazarus 1966). Studies support links between 
psychosocial risks and increases in muscular activity (Eijckelhof et al. 2013; Larsman 
et al. 2013; Shahidi et al. 2013; Taib et al. 2016) and while several progressive 
models have been developed to explain the mechanisms linking them (Bongers et al. 
1993; Sauter and Swanson 1996; Faucett 2005), no model is universally acceptable.  
 
Psychosocial stressors can contribute to the aetiology of WRMSDs but can also 
trigger their development by inducing physiological changes such as increases in 
muscular tension (Melin and Lundberg 1997a; Lundberg et al. 2002) which is an early 
sign in the development of WRMSDs (Wahlström et al. 2004; Sandsjö et al. 2006a; 
Hamberg-van Reenen et al. 2008).  One theory suggests that sustained low level 
muscle tension, especially of Type 1 (Cinderella hypothesis , (Hägg 1991)) motor 
units in response to a stressor  may lead to low-level increases in muscle activity 
(Veiersted et al. 1993; Westgaard et al. 1996). Prolonged stress may compromise 
tissue quality and the ability of tissues to recover due to hormonal imbalances 
(Visser and van Dieën 2006). This study investigates sustained attention as a 
workplace psychosocial stressor, which contributes to increased muscular activity 
and we develop a psychophysiological model to explain how this might occur. 
 
 
 
 129 
 
6.1.3 Monitoring & sustained attention  
Sustained attention has become an integral part of manufacturing operators’ job 
content. It refers to the ability to maintain  focus of attention and to remain alert to 
stimuli over prolonged periods of time (Molloy and Parasuraman 1996).  There are 
two theoretical approaches that attempt to explain sustained attention. The first, 
which includes the mindlessness model are underload theories and look at sustained 
attention as a monotonous task that leads to mind wandering (Robertson et al. 
1997; Manly et al. 1999; Thomson et al. 2015). The second theoretical approach, 
based on overload theories views sustained attention as an onerous cognitive 
activity. Attentional resource theory posits that sustained attention tasks deplete 
our limited pool of information processing resources (Fisk and Schneider 1981; Fisk 
and Scerbo 1987; Wickens 1987). This theory considers vigilance as being a source of 
extensive mental workload and asserts that as tasks become more demanding, 
greater resources are required to perform them adequately. Studies using the 
mental workload scales, the NASA Task Load Index (NASA-TLX) (Hart and Staveland 
1988) and the Multiple Resources Questionnaire (Boles and Adair 2001) have 
demonstrated that vigilance tasks are highly mentally demanding (Warm et al. 1996; 
Finomore et al. 2008; V.S. Finomore et al. 2009; Finomore et al. 2013). Stress 
hormones or catecholamine levels have been shown to increase during sustained 
attention tasks (Frankenhaeuser 1976; Lundberg and Frankenhaeuser 1980; 
Lundberg 2005) and neuroimaging has also shown that monitoring work elevates 
stress levels (Warm et al. 2008b). 
 
While most sustained attention studies focus on the vigilance decrement or 
deterioration in attentional ability over time, the focus of this study is on the 
potential impact of sustained attention as a psychosocial stressor on muscular 
activity. Attention demand was chosen as the measure for this study in line with 
attentional resource theorists view that the demand imposed by the attention task 
increases with task complexity (Johnson and Proctor 2004).  Increased task 
complexity coincides with increased utilisation of attentional resources  (Tripp and 
Warm 2006; Warm et al. 2008b).  
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6.1.4 Physiological measures of psychosocial stress 
6.1.4.1 Upper trapezius muscle activity 
Upper trapezius muscular activity is representative of muscular activity in the upper 
extremities in general (Visser and van Dieën 2006), and this particular muscle also 
shows increased activity upon exposure to psychosocial stressors. In relation to 
computer work, increases in shoulder muscle activity have been linked to mental 
demands (Waersted et al. 1991; Sjøgaard et al. 2000; Wijsman et al. 2013). Waersted 
and Westgaard (1996) found that the upper trapezius muscle was sensitive to 
changes in attention and this muscle is a good indicator of emotional stress 
(Cacioppo and Tassinary 1990).  
 
One explanation for the influence of psychosocial stress on WRMSDs is that 
hyperventilation (overbreathing) due to stress imposes a biomechanical load on the 
neck/shoulder region. This is a direct result of the shift from abdominal to chest 
breathing and upper trapezius muscles are more active during chest breathing 
(Criswell 2010).  
 
6.1.4.2 High frequency heart rate variability as a mediating variable 
Heart Rate Variability (HRV) is described as variations between consecutive 
heartbeats and changes in the autonomic nervous system (ANS) can be detected by 
measuring HRV. When the ANS branches, the sympathetic nervous system (SNS) and 
the parasympathetic nervous system (PNS) are in static imbalance individuals 
become susceptible to disease. High frequency HRV (HRV-HF), controlled by the 
vagus nerve represents primarily parasympathetic influences (Bozhokin and 
Shchenkova 2008) and activity has been found to decrease under conditions of acute 
time pressure, emotional strain or increased anxiety (Nickel and Nachreiner 2003; 
Fairclough and Houston 2004; Jönsson 2007). Several studies have found that HRV 
indices of PNS nervous activity are sensitive indicators of mental stress (Wilson 2002; 
Cinaz et al. 2013). Psychosocial stress has been associated with lowered HRV-HF 
(Togo and Takahashi 2009) and  lower HRV power was observed  during an attention 
task when compared to baseline (Moses et al. 2007).  In this study, PNS activity 
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measured by HRV-HF is the mediating variable, which explains an indirect or 
mediated relationship between attention demand and upper trapezius muscle 
activity.  
 
6.1.4.3 End-tidal CO2 as a moderating variable. 
Respiration has a crucial role in the maintenance of the neuro-musculoskeletal 
system. Breathing mechanics are influenced by many factors, one of them being 
psychosocial stress (Chaitow et al. 2002). The hyperventilation theory links stress to 
musculoskeletal disorders through a breathing mechanism known as 
hyperventilation (Schleifer et al. 2002). Under stressful conditions, the SNS induces a 
rise in respiration rate and volume, breathing moves from abdominal to thoracic 
breathing and hyperventilation occurs (Naifeh 1994).  Hyperventilation refers to 
breathing that exceeds the metabolic requirements for oxygen (Gravenstein et al. 
1995; West 2012). It can be measured by detecting a decrease in the concentration 
of end-tidal CO2 (PetCO2) at the end of an exhaled breath (LaValle and Perry 1995). 
Hyperventilation causes a drop in arterial CO2 resulting in respiratory alkalosis (pH > 
7.45) and hypocapnia. This disruption in acid-base equilibrium will in turn trigger a 
neuronal excitation causing increased muscle tension and spasms with adverse 
effects for muscle tissue. Mental stress can be detected by a decrease in PetCO2 
(Schleifer et al. 2003; Schleifer et al. 2008). Individuals with lowered PetCO2 due to 
hyperventilation have compromised attention (Van Diest et al. 2000; G. Matthews et 
al. 2010), but little is known of the scenario where PetCO2 levels change as a result of 
sustained attention. PetCO2 is included in the study as a potential moderator 
between HRV-HF and upper trapezius muscle activity. In other words, when PetCO2 
reaches a certain level (<35 mmHg), conditions are potentially created where the 
influence of HFV-HF on upper trapezius muscle activity is optimised.  
 
6.1.5 Attention demand  
Attention demand was measured using a subscale of the situational awareness to 
response test (SART) questionnaire.  This is a self-rating subjective measure of 
situational awareness (SA) which was developed by Taylor (1990a). The questions 
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within the attention subscales are relevant to operators monitoring automated 
processes. Attentional demand refers to the demand placed on attentional resources 
and encompasses the instability, variability and complexity of the situation.  
Participants are asked to rate each test dimension on a Likert scale of 1 to 7.   
 
6.1.6 Research Rationale 
Complex mechanisms linking psychosocial stressors and musculoskeletal disorders 
still require investigation. This study aims to clarify one such pathway. On the basis 
that muscle tension in combination with sympathetic system arousal leads to the 
development of WRMSDs, (Hubbard and Berkoff 1993; Veiersted and Westgaard 
1993)  we considered how sustained attention as a psychosocial stressor could 
contribute to musculoskeletal disorders by increasing upper trapezius muscle 
activity. Two particular physiological variables were proposed i.e. parasympathetic 
system activity (HRV-HF) and PetCO2 as having specific functions within this pathway. 
 
The diagram in Figure 14 gives an overview of these interactions. The psychosocial 
stress resulting from sustained attention increases SNS activity and decreases PNS 
responses. The autonomic imbalance triggers an increase in respiration potentially 
resulting in hyperventilation.  Muscle activity is also increased through activation of 
the SNS and as a result of hyperventilation.  
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Figure 14:  Overview of the effect sustained attention on the autonomic nervous 
system and respiration. 
 
6.1.7 Research Objectives 
The aim of the study was to determine how sustained attention can increase 
muscular activity via hyperventilation and inhibition of the parasympathetic system. 
 
Hypothesis 1 
As attention demand increases, parasympathetic activity decreases and upper 
trapezius muscle activity increases in the monitoring of a simulated automated task. 
 
Hypothesis 2 
Parasympathetic activity as measured by HF mediates the relationship between 
attention demands and upper trapezius muscle activity. 
 
Hypothesis 3 
 The mediation effects of the parasympathetic system on the relationship between 
attention demands supply is contingent on the moderation effects of end-tidal CO2. 
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6.2 Method 
6.2.1 Study Design 
 A repeated measures study design was used and the following variables were 
included: 
 
6.2.2 Dependent Variables 
The primary dependent variable was upper trapezius muscle activity. Secondary 
dependent variables included a mediating and a moderating variable.  
 
6.2.3  Mediating Variable 
The mediator variable was HRV-HF which measures PNS activity. It explains the 
indirect relationship between attention demand and upper trapezius muscle activity 
i.e. attention demand has an effect on upper trapezius muscle activity via the 
inhibition of the PNS.   
 
6.2.4  Moderating Variable 
End-tidal CO2 can be described as a moderator variable in this study. A moderator 
variable influences the strength of the relationship between two variables. It 
indicates the conditions under which the optimal effect can occur. In this context, 
PetCO2 concentrations <35mmHg where hyperventilation occurs, represent the 
conditions under which the effect of inhibited parasympathetic activity on upper 
trapezius muscle activity (dependent variable) becomes maximally effective.  
 
6.2.5 Independent Variable 
The independent variable was attention demand. As no single validated test was 
available to measure different levels of attention demand, four computer based 
industrial simulations were used. The simulations had increasing levels of attention 
demand from simulation 1 to simulation 4. The simulations are indicative of 
industrial processes and use the same form of distributed control system (wherein 
control elements are distributed throughout the system) found in industrial control 
rooms. Studies investigating the effects of mental stress on physiological parameters 
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typically often use stress tests like the Stroop test or arithmetic tests. Realistic 
simulations typically monitored in control rooms were used in this study in an 
attempt to measure levels of attention demand experienced in a work environment.  
The first two simulations, breadmaking and vessel filling are typical industrial training 
exercises, while the gas separation and distillation column simulations are based on 
actual processes. 
 
Simulation 1 (Low attention demand): Industrial bread making.  
 
This simulation represents an industrial process for baking bread.  The model 
consists of three stages, the mixer, the prover and the oven. The mixing screen 
displays equipment to produce dough ready for the prover. The prover screen shows 
the bread rise. The oven screen shows the risen dough being baked to create the 
final loaf.  The aim of this task is to create a quality loaf of bread within 20 minutes 
by following a set of instructions. The bread and the temperature are the two 
variables of interest being monitored. 
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Simulation 2 (Low/medium attention demand): Vessel filling  
 
The simulation uses an industrial control system with on-screen indicators showing 
the values of levels, temperatures and valve openings. This task challenges 
participants to fill a vessel to between 29% and 31% full; at a final temperature of 
between 34.5oC and 35.5oC, with a detergent concentration between 0.95% and 
1.05% - without generating any alarms or running out of hot water, within a time 
period of 15 minutes. The temperature should be maintained between 16oC and 
59°C to prevent an alarm being triggered. There are four variables to be monitored 
in all: hot water, cold water, temperature and concentration of detergent.  
 
Simulation 3 (Medium attention demand): Gas separation process 
 
The gas separator model is a two-phase separation and process control task based 
on a simple industrial situation. The model consists of a hydrocarbon feed fluid 
which passes through a heat exchanger and into a gas separator where the fluid is 
separated into a gas and liquid. The heat exchanger is used to adjust the 
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temperature in the vessel by controlling the temperature of the inlet fluid. The 
pressure in the vessel is controlled by varying the flow of gas leaving the vessel. The 
level in the vessel is controlled by a control valve on the liquid outlet. There are five 
variables to be monitored:  temperature, pressure, level, gas concentrations and 
liquid concentrations. 
 
Simulation 4 (High attention demand): Distillation 
 
Distillation is the separation of two or more components with different boiling 
points. The component with the lowest boiling (the lighter fluid) is boiling off as a gas 
leaving the other component behind as a liquid (the heavier fluid). The feed to a 
distillation tower is heated so that when he liquid enters the column, it flashes and 
the gas flows up the column and the liquid flows down the column. The participants 
are given the task of optimising seven variables within the system to give an equal 
volume of top product output flow and bottom product flow.   
 
6.2.6 Participants & Ethics 
Twenty-nine participants, 11 male and 18 female undergraduate science students 
ranging in age from 18 to 23 (Mean 19.90, SD 5.35) provided written informed 
consent to take part in the experimental study. Each participant was informed of the 
purpose of the experiment. Participants completed a health history questionnaire 
and met the following criteria (a) did not suffer from musculoskeletal disorders (b) 
had no history of cardiovascular disease and (c) were non-smokers. The Edinburgh 
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handedness inventory was also completed by all participants, which confirmed that 
all participants were right-handed. Local ethics approval was granted prior to 
participant recruitment.   
 
6.2.7 Experimental measurements 
6.2.7.1 Heart rate variability 
Heart rate variability was measured using the blood volume pulse sensor of the 
NEXUS 10 measurement unit which works on the basis of photoplethysmyography. 
Sampling took place at a rate of 128 samples per second.  Measurements were 
averaged over 5 minute intervals. Based on the vagal origin of the HF component 
(Berntson et al. 1997), high-frequency heart power spectrum measurements were 
selected as the HRV parameter of choice for this study. Data were analysed in the 
frequency domain using the Biotrace software programme. Heart rate artefacts 
including inter beat interval  (IBI) values >1500ms and <150ms along with 
consecutive IBI values varying by more than 20% were eliminated from further 
analysis (Cinaz et al. 2013). Analysis was carried out using the normalized HF 
component (HF as a percentage of total power). 
6.2.7.2 Surface Electromyography 
EMG was recorded using disposable, pre-gelled dual Ag/AgCl electrodes (Covidien 
H124SG 24 mm). A Nexus 10 (Mind Media BV) physiological monitoring and 
feedback platform with Bluetooth communication was used for recording muscle 
activity at a sampling rate of 2048 Hz. Raw Root Mean Square (RMS) values were 
averaged over 1/16 second epochs using the Biotrace software programme. The 
bandpass DC corrections were set at 0.5 Hz. A digital 4th order Butterworth 
cascaded IIR bandpass filter was set to 20-500Hz. 
6.2.7.3 End-tidal CO2 
Peak concentrations of carbon dioxide gas in expired air were measured using the 
CosMED K4B2 physiological measurement system.  This system is a sidestream 
capnograph where the exhaled CO2 is aspirated via a mask through a sampling tube 
connected to the instrument for analysis. Samples were taken every 1 second and 
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averaged over each task. The partial pressure of end-tidal CO2 is highly correlated 
with alveolar pCO2 (Wientjes 1992) which  is regarded as a valid estimate of arterial 
pCO2  (Phan et al. 1987). The normal values are 5% to 6% CO2, which is equivalent to 
35-45 mmHg (Hollinger and Hoyt 1995). 
 
6.2.8 Procedure 
Participants were first seated at a workstation. The users’ dominant arm was placed 
so that the elbow was flexed at 90°, their forearm was resting on the workstation 
surface and their hand positioned on the computer keyboard. The screen was 
positioned approximately 40 cm from the participants’ eyes.   
 
Surface EMG electrodes were placed on the non-dominant upper trapezius muscle 
centred on a point 2 cm lateral to the midpoint between the acromion process and 
the spinous process of the seventh cervical vertebrae. A bipolar configuration was 
employed with a centre to centre interelectrode distance of 20 mm. Active 
electrodes were referenced to a ground electrode placed over the radius bone on 
the subjects non-dominant inner wrist.   Electrode placement and skin preparation 
was performed in line with the SENIAM protocol (Stegeman and Hermens 2007). 
 
The heart rate variability sensor was placed on the ring finger of the non-dominant 
hand of each participant. Participants were asked to keep this hand stationary on the 
desk in front of them.  
 
End-tidal CO2 (PetCO2 mmHg) concentrations in expired air were measured by fitting 
a facepiece connected to a capnograpy device on each person.  A fit–test was 
performed by asking the participant to place their hand over the inlet of the face 
mask while breathing out to detect leaks from the facepiece. 
 
The physiological measurement equipment was left on each participant for the 
duration of the experiment and measurements were recorded for the baseline and 
during each simulation task.   
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Participants completed five test conditions.  For the first condition, the baseline, 
participants were asked to sit in front of a blank computer screen, in a comfortable 
neutral posture with their shoulders relaxed, their hands and forearms resting on the 
desk in front of them and both feet on the floor.  The next four conditions were task 
simulations. Each participant did simulation 1 through to simulation 4. Participants 
had to gain familiarity with basic symbols and operational techniques to complete 
the tasks so hence this order was chosen. 
 
The baseline was 10 minutes for each participant. Simulation 1 was approximately 20 
minutes in length, with the subsequent simulations being 15 minutes with each 
separated by a 10 minute recovery period. Each participant completed the SART 
questionnaire at the end of each simulation.   
 
6.3 Statistical Analysis 
Statistical analysis was performed using the SPSS 22.0 statistical package along with 
the PROCESS macro for mediation and moderation analysis. PetCO2 and HRV-HF 
were normally distributed.  The surface electromyography (raw rms) data were non-
normally distributed and were transformed using a log normal function.  
We investigated our study hypotheses in three steps.  
 
Hypothesis 1 
First, we used one-way repeated measures analysis of variance (ANOVA) with 
significance levels set at the 5% level to determine if increases in attention demand 
were consistent with decreases in parasympathetic activity and PetCO2, and 
increases in upper trapezius muscle activity. The assumption of sphericity was 
violated for HRV-HF ( χ2(9) =41.97, p<0.0001), PetCO2 (χ2 (9) = 32.29, p<0.0001), and 
attention demand (χ2 (5) =11.39, p=0.04) and Wilks Lambda was therefore reported 
for these variables (Pallant 2013). Sphericity was not violated for upper trapezius 
muscle activity data (χ2(9) =12.58, p=0.183).  Post-hoc analysis was carried out using 
the Bonferroni correction with significance levels set at the 5% level.  
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Hypothesis 2 
Secondly, we examined a basic mediated model. Model 1 (Figure 15) was used to 
test hypothesis 2 i.e. whether the parasympathetic system activity mediates the 
relationship between attention demand and upper trapezius muscle activity.  
Hypothesis 3 
For hypothesis 3, we included the proposed moderator within the model and 
investigated the moderated mediation hypothesis. We tested if end-tidal CO2 would 
moderate the relationship between HRV-HF and upper trapezius muscle activity 
(Figure 16). Based on existing knowledge, it is plausible to assume that the strength 
of the hypothesized indirect (mediation) effect is conditional on the value of the 
moderator, which is also known as conditional indirect effects (Preacher et al. 2007) 
or moderated mediation.   
 
To test hypothesis 2 and 3, we utilized an SPSS macro ‘PROCESS’ developed by Hayes 
(Hayes 2013). This macro generates a multiple linear regression based path analysis 
resulting in a mediation model (hypothesis 2) and for estimating interactions and 
conditional indirect effects in the moderated mediation model (hypothesis 3).  Prior 
to constructing the conditional effects plot (Figure 17), PROCESS selects low, average 
and high levels of HRV-HF and PetCO2 and shows changes in upper trapezius muscle 
activity at varying levels of these variables. The Johnson-Neyman plot (Figure 18) 
shows the point of significance (p=0.05) at which the effect of HRV-HF on PetCO2 
starts to cause an increase in upper trapezius muscle activity. The data was mean 
centred prior to plotting the Johnson-Neyman graphs (Field 2013). 
 
The PROCESS macro facilitates the implementation of the bootstrapping method 
which assigns measures of accuracy to sample estimates (Hayes 2013).   
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Figure 15: The parasympathetic system activity as a mediator of the relationship 
between attention demand and upper trapezius muscle activity (Model 1). 
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Figure 16: End-tidal CO2 as a moderator of the relationship between 
parasympathetic nervous system activity and upper trapezius muscle activity 
(Model 2). 
 
 
6.4 Results  
6.4.1 Hypothesis 1 results 
6.4.1.1 Heart Rate Variability – High Frequency 
HRV-HF decreased as the simulations required higher levels of attention demand 
(Table 14). HRV-HF measurements were significantly different across the five 
experimental conditions (Wilks Lamba = 0.526, F(4,29) = 5.634), p=0.002. There was 
a substantial effect for HRV-HF (partial eta squared=0.474) and observed power 
=1.00. Post-hoc analysis is shown in table 2.  
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6.4.1.2 End-tidal CO2 
End-tidal CO2 decreased as attention demand increased (Table 14). PetCO2 
measurements were significantly different across the five experimental conditions 
(Wilks Lamba = 0.323, F(4,29) = 13.100. There was a substantial effect for PetCO2 
(partial eta squared=0.677) and observed power =1.00. Post-hoc corrections (Table 
2) revealed statistically significant differences between the baseline each of the four 
simulations (p<0.0001).  
 
6.4.1.3 Upper Trapezius Muscle Activity  
Upper trapezius muscle activity was significantly different across all experimental 
conditions sphericity assumed, F(4,104) = 19.98, p<0.0001. There was also a medium 
effect found for upper trapezius muscle activity (partial eta squared 0.435) and 
observed power of 1.00.  
6.4.1.4 Attention Demand 
Attention demand increased as the simulations increased in difficulty (Table 14). 
One-way ANOVA revealed a significant difference across the experimental 
simulations in relation to attention demand scores, Wilks lambda=0.145, F(3,29) = 
51.1290, p<0.001. A partial eta squared of 0.855 indicates a large change in attention 
demand score across the study simulations.  
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Table 14: Summary of results for physiological and subjective variables 
BASELINE HRV-HF Upper 
Trapezius 
Muscle 
Activity 
PETCO2 Attention 
Demand 
Mean 39.6 11.8 33.8 NA 
Standard 
Error 
3.26 1.93 0.49 NA 
95% LBCI 32.9 7.83 32.8 NA 
95% UBCI 48.3 15.8 34.8 NA 
SIM 1     
Mean 36.7 21.7 32.7 8.2 
SE 2.77 2.02 0.49 0.49 
95% LBCI 30.9 17.6 31.7 7.26 
95% UBCI 42.3 25.9 33.7 9.19 
SIM 2     
Mean 32.1 31.9 32.4 14.9 
SE 2.77 3.20 0.49 0.51 
95% LBCI 26.4 25.4 31.7 13.8 
95% UBCI 37.8 38.7 33.7 15.9 
SIM 3     
Mean 25.9 33.9 32.4 17.7 
SE 2.61 4.37 0.48 0.60 
95% LBCI 20.5 24.9 31.0 16.5 
95% UBCI 31.2 42.8 33.0 18.9 
SIM 4     
Mean 21.6 39.3 32.0 17.9 
SE 2.08 2.93 0.54 0.69 
95% LBCI 17.3 33.3 30.9 15.5 
95% UBCI 25.8 45.3 33.1 19.4 
Significance1 P=0.002 P<0.01 P<0.0001 P<0.0001 
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Table 15: Bonferroni post-hoc differences between the conditions 
Condition UTMA HRV-HF PetCO2 Attention  
Demand 
Baseline BM 1 0 1 NA 
VF 1 0 1 NA 
GS 1 1 1 NA 
BC 1 1 1 NA 
BM VF 1 1 0 1 
GS 0 1 0 1 
BC 0 1 1 1 
VF GS 1 0 0 1 
BC 1 1 1 1 
GS BC 0 1 0 0 
1 denotes that tests are significantly different at the 5% significance level, 0 denotes that tests are 
not significantly different. (BM: bread making, VF: vessel filling, GS: gas separation, BC: binary 
column) 
 
 
6.4.2 Hypothesis 2 results 
Table 16 shows the results for the indirect relationship between attention demands 
and upper trapezius muscle activity.  Attention demand had a significant direct effect 
on upper trapezius muscle activity. Furthermore, there was an indirect effect of 
attention demand on upper trapezius muscle activity which was significantly 
mediated by HRV-HF. On the basis that attention demand has both a direct and 
indirect effect (via HRV-HF) on upper trapezius muscle activity, HRV-HF is therefore a 
partial mediator in this relationship. The mediation model was significant (p<0.001) 
and 37.5 % of the variance in upper trapezius muscle activity was explained by the 
model predictors.  
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Table 16: Regression results for mediation model - The relationship between 
attention demands and upper trapezius muscle activity mediated by high 
frequency heart rate variability 
Predictor Direct effect  SE t P 
Attention 0.01 0.04 2.05 0.04 
HRV-HF 0.32 0.01 -3.28 0.01 
Model R2 37.5   0.01 
     
Mediation Indirect effect Boot SE Boot LLCI Boot ULCI 
 0.01 0.01 0.01 0.02 
 
Table 17 shows the results of the moderated mediation model, where HRV-HF 
mediated the relationship between attention demand and upper trapezius muscle 
activity contingent on certain levels of PetCO2, the moderator.  Within this model, 
attention demand did not have a significant direct effect on upper trapezius muscle 
activity (p=0.07).  The HRV-HF/PetCO2 interaction effect was significant (p=0.05). 
Based on these results, the relationship is statistically significant when PetCO2 levels 
are low (<29.4) (i.e. where the lower bound and upper bound confidence interval 
range does not include zero). While the effect size is small, the index of moderated 
mediation (-0.01) is significant (with this value being within a confidence interval not 
containing zero) indicating that HRV-HF is mediator and PetCO2 is a moderator in the 
relationship between attention demand and upper trapezius muscle activity.  
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Table 17: Conditional indirect effect results for attention demand 
Predictor Coefficient SE t P 
HRV-HF -0.05 0.02 -2.20 0.03 
Attention 0.01 0.01 1.85 0.07 
PetCO2 -0.07 0.03 -2.74 0.01 
HRV-HF X 
PetCO2 
0.01 0.01 2.03 0.05 
Interaction R2  44.5%   0.00 
Conditional effect of HRV-HF on UTMA at values of the moderator PetCO2 
PetCO2 Effect SE (boot) LLCI ULCI 
29.4 0.01 0.00 0.00 0.01 
31.7 0.01 0.00 -0.01 0.01 
33.9 0.01 0.00 -0.01 0.01 
Index of moderated mediation 
 -0.01 0.00 -0.02 -0.01 
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Figure 17: Upper trapezius muscle activity predicted by HRV-HF moderated by low 
(-1 SD), medium (mean) and high (+1 SD) PetCO2   
Figure 17 uses a conditional effects plot to depict the moderation effect of PetCO2 on 
the relationship between the HRV-HF and upper trapezius muscle activity. The 
average PetCO2 measured was 31.7 mm Hg, with ‘low’ as one standard deviation 
(2.24) below this (29.4 mmHg) and ‘high’ one standard deviation above it (33.9 
mmHg). The plot shows that the effect of the HRV-HF on upper trapezius muscle 
activity was greater at lower PetCO2 values.   
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Figure 18: Johnson Neyman plot showing conditional effects of HRV-HF on upper 
trapezius muscle activity 
This interaction was further assessed using the Johnson Neyman technique which 
derives regions of significance, or values within the range of the moderator where 
the association between upper trapezius muscle activity and HRV-HF is different 
from zero. Figure 18 plots the conditional effect (the middle line) of HRV-HF on 
upper trapezius muscle activity across the distribution of PetCO2 measurements 
including the upper and lower bounds of a 95% confidence interval for the 
conditional effect. The shaded area depicted on the Johnson Neyman plot shows the 
‘region of significance’ for this study which was between 31.7 mmHg and 33.9 
mmHg. PetCO2 values above or below this range did not significantly moderate the 
relationship between parasympathetic nervous system activity and upper trapezius 
muscle activity. The significant PetCO2 values are within the hypocapnic range with 
 150 
 
most medical sources defining hypocapnia as less than 35 mmHg for partial CO2 
pressure in the arterial blood (Oakes 2008).  
 
6.5 Discussion 
This study involved developing a model that tested elements of the relationship 
between attention demand and upper trapezius muscle activity.  
 
6.5.1 Hypothesis 1 
The initial analysis of variance (ANOVA) tests supported hypothesis 1 determining 
that increases in attention demand and upper trapezius muscle activity coincided 
with decreases in PetCO2 and HRV-HF. These trends were consistent with previous 
literature where increases in mental stress led to lowered PetCO2 (Schleifer and Ley 
1994) and PNS activity (Cinaz et al. 2013) and increased upper trapezius muscle 
activity (Wijsman et al. 2013). 
 
6.5.2 Hypothesis 2  
We then determined that the PNS operated as a mediator between attention 
demand and upper trapezius muscle activity which proved hypothesis 2. Our 
mediated moderation model results show that there was no significant direct 
relationship between attention demand and upper trapezius muscle activity (at the 
5% significance level). The relationship is significant when PNS activity is included as 
the indirect pathway, which suggests that mental stress leading to increased SNS and 
inhibited PNS activity is one route by which increased muscle tension or activity can 
occur.  Several reviews have implicated unbalanced autonomic system function and 
decreased parasympathetic activity as a possible mediator linking negative affective 
states and ill health (Friedman and Thayer 1998; Verrier and Mittleman 1999; Krantz 
and McCeney 2002) which our results corroborate. Further to this, decreased vagal 
(the primary parasympathetic nerve) function has also been linked to increased 
inflammation and pain which can be attributable to downstream effects like 
decreased muscle strength (Thayer and Sternberg 2010).  It is therefore likely that 
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chronic inhibition of the parasympathetic system contributes in a number of ways to 
the onset of musculoskeletal disorders.  
 
6.5.3 Hypothesis 3 
We also included PetCO2 within the model to determine if this variable can 
attenuate or amplify the established indirect relationship between attention 
demand and upper trapezius muscle activity. The results supported the hypothesized 
moderated mediation model (hypothesis 3), which established that the magnitude of 
the indirect effect (inhibition of the parasympathetic system) of attention demand 
on upper trapezius muscle activity is contingent on the concentration of PetCO2 in 
exhaled breath. The model revealed that as PetCO2 concentrations decreased, 
attention demand had a greater effect on increasing upper trapezius muscle activity.  
PetCO2 was therefore found to be a significant moderator of the relationship 
between the  parasympathetic nervous system  and upper trapezius muscle activity 
when concentrations were in the hypocapnic range (<35 mmHg) or when 
participants were in hyperventilation mode. This finding fits with the knowledge that 
disruption in the acid-base equilibrium caused by hyperventilation leads to neuronal 
excitation and increases in muscle tension (Schleifer et al. 2002). Peripheral 
vasoconstriction also occurs as a result of respiratory alkalosis and reduces blood 
flow to the upper extremity muscles (Somers et al. 1989). The resultant decrease in 
muscle tissue oxygenation and a build-up of metabolites due to sedentary sustained 
attention work increases the possibility of tissue damage and may be a further 
contributor to the development of WRMSDs (Larsson 2003). Initially hyperventilation 
can occur in response to psychosocial stressors but respiratory conditioning can lead 
to chronic hyperventilation where the breathing can follow the impaired respiratory 
pattern in the absence of stressors (Courtney 2009). Chronic hyperventilation results 
in the decline of the alkaline buffering system in the body leading to an increase in 
fatigue, muscular aches, pain, and neuronal activity that might contribute to the 
development of musculoskeletal disorders (King 1988; Nixon 1995; Gilbert 2014).  
 
When PetCO2 levels dropped below 30 mmHg, this variable no longer moderated the 
relationship between HRV-HF and upper trapezius muscle activity. Sasano (2001) 
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found that while HRV-HF increased with increases in PetCO2 between 30 mm Hg and 
50 mm Hg, it decreased when PetCO2 was 30 mmHg along with withdrawal of vagal 
tone. It may be possible that our model does not work < 30 mmHg due to more 
extensive inhibition of the parasympathetic nervous system at this point.  
 
Mediation and moderation models are increasingly popular in social science and 
employing a moderated mediation model to clarify a psychophysiological pathway 
has proved useful. Although not widely applied in ergonomics, moderators appear 
appropriate to this field as they influence conditions under which other variables 
interact. 
 
6.5.4 Implications for work design 
This study reinforces the finding that sustained monitoring work in industry is a 
psychosocial stressor. It also draws attention to the fact that this type of work could 
instigate a protracted state of low level stress for some operators resulting in 
inhibition of the parasympathetic nervous system, chronic hyperventilation and 
prolonged low-level muscular tension. Sustained monitoring work should therefore 
be included workplace risk assessments.  
 
6.5.5 Limitations 
Participants did not undertake the simulations in random order as undertaking either 
simulation 3 or 4 first would have required significant training which would have 
formed fatigue and possibly confounded the effect. Training was not necessary when 
participants undertook simulation 1 and 2 first as they became familiar with the 
symbols and operational methods as they progressed through the tasks. Using 
randomisation would have required giving more knowledge to participants that 
completed the complex tests first and withstanding that the more knowledge that is 
available to solve a task, the less attentional resources are required (Meijman et al. 
1998), learning bias would have been introduced into the experiment. It is 
acknowledged that despite attempts to use realistic simulations, the experiment 
does not reflect work conditions where multitasking, interruptions and other 
pressures are likely to occur.  
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6.6 Conclusion 
The findings indicate that prolonged sustained attention in modern automated 
workplaces can contribute, as a psychosocial stressor to the onset of musculoskeletal 
disorders over extended periods. The study outcomes highlight a physiological 
pathway between sustained attention and muscle activity that has not been detailed 
in the literature to our knowledge. Our results extend current knowledge on the 
mechanisms linking mental stress to muscular activity. Previous literature has 
identified that mental stress e.g. attention can increase muscular activity and 
decrease PNS activity along with end-tidal CO2 but a specific connecting pathway 
based on a robust mathematical model has not been formally proposed. The study 
results are useful in proposing parasympathetic activity as a mediator and PetCO2 as 
a moderator in the relationship between attention and upper trapezius muscle 
activity.  
 
When sustained attention results in extended inhibition of the parasympathetic 
system thereby preventing it from maintaining a normal resting heartbeat, the 
sympathetic nervous system dominates and retains the body in a prolonged ‘fight or 
flight’ response.  In parallel, sustained attention can result in hyperventilation which 
can increase muscle tension. When chronic hyperventilation and prolonged 
depression of the parasympathetic system occur, the natural homeostasis in the 
body is disrupted and detrimental effects to muscle health are likely.  
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Chapter 7. Using a breathing technique to reduce the 
physiological stress effects of sustained attention on 
shoulder muscle activity  
 
Purpose: The aim of this study was to determine if an adjustment in breathing 
technique could prevent hyperventilation and the subsequent increase in muscle 
activity, a risk factor in the development of musculoskeletal disorders 
 
Background: A breathing technique has not been studied in the context of 
preventing hyperventilation during an attention task previously. 
 
Novelty and contribution to knowledge:  The results contribute to the knowledge 
on the basis of the finding that improved breathing can help prevent 
hyperventilation and therefore weaken the effect of attention related stress on 
muscular activity.  
 
Submitted to: Journal of Human Factors 
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Abstract 
The objective of this study was to investigate if a breathing technique could 
counteract the effects of hyperventilation due to a sustained attention task, on 
muscle activity.  The trend towards higher levels of automation in industry is 
increasing.  Consequently, manufacturing operators are often monitoring automated 
process for longer periods of their work shift. Prolonged monitoring work requires 
sustained attention, which is a cognitive process that humans are typically poor at 
and find stressful. As sustained attention becomes a greater part of manufacturing 
operators’ job content, the resulting stress experienced could contribute to the 
onset of many health problems, including work related musculoskeletal disorders 
(WRMSDs).  The SART attention test was completed by a group of participants 
before and after a breathing intervention exercise. The effects of the abdominal 
breathing intervention on breathing rate, upper trapezius muscle activity and end-
tidal CO2 were evaluated. The breathing intervention succeeded in reducing the 
moderation effect of end-tidal CO2 on upper trapezius muscle activity. Abdominal 
breathing could be a useful technique in reducing the effects of sustained attention 
on muscular activity.  
 
7.1 Introduction 
Automation continues to be a global trend with an estimate that about 1.3 million 
new industrial robots will be installed in factories around the world between 2015 
and 2018 (IFR 2016) This growth in automation has led to increased mental workload 
requirements for operators in the form of prolonged monitoring work (Hancock 
2013b) requiring high levels of vigilance or sustained attention. Many studies have 
indicated that sustained attention tasks induce stress (Berka et al. 2007; Warm et al. 
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2008b; Romeijn and Van Someren 2011). Attentional resource or overload theories 
view monitoring work as being a source of extensive mental workload, which quickly 
depletes cognitive resources (Warm et al. 2008b).  Many empirical studies have 
proved that sustained attention tasks results in physiological stress responses 
including include skin temperature (Romeijn and Van Someren 2011), electrodermal 
activity (Collet et al. 2005), heart rate variability (Kaida et al. 2007), blink rate 
(McIntire et al. 2014) and EEG (Berka et al. 2007). Conflicting theories also exist 
which consider attention work to be under stimulating and not highly demanding on 
cognitive resources. Some of these, including the mind-wandering theory and the 
mindlessness theory suggest that a mindless approach is taken to monotonous 
monitoring work that leads to less focus on the task and more on internal thoughts 
(Manly et al. 1999; Smallwood et al. 2007).  The current study is based on the 
overload theories which view monitoring work as stressful.  
 
Work-related stress was found to be the second most common occupational health 
problem across the EU15 (Eurostat 2010). As sustained attention is a job demand 
and a potential source of stress, it presents a psychosocial risk. Psychosocial risks 
contribute to numerous occupational health problems, one being Work-Related 
Musculoskeletal Disorders (WRMSDs). 
 
The term musculoskeletal disorder denotes health problems of the musculoskeletal 
system, i.e. muscles, tendons, the skeleton, cartilage, the vascular system, ligaments 
and nerves. WRMSDs are currently the most common occupational health problem 
in Europe (EUOSHA 2010). The Fifth European Working Conditions Survey found that 
musculoskeletal disorders directly related to physical working conditions are in 
decline, while WRMSDs related to stressful working environments are increasing 
(Eurofound 2012). Psychosocial stressors can contribute to the aetiology of WRMSDs 
but can also solely trigger their development by contributing to increases in 
muscular activity (Lundberg et al. 2002). Numerous studies support links between 
psychosocial risks and increases in muscular activity (Eijckelhof et al. 2013; Larsman 
et al. 2013). One such theory links work-related stress to WRMSDs via a 
dysfunctional breathing pattern known as hyperventilation (Schleifer et al. 2002). 
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This theory proposes that hyperventilation is a mediator or necessary factor to be 
present for stress to impact muscular health. 
 
It is widely accepted that stress can lead to hyperventilation or breathing more air 
than required for metabolism. Hyperventilation  decreases the amount of CO2 
exhaled from the body leading to respiratory alkalosis  (pH > 7.45) and hypocapnia 
(Gravenstein et al. 1995). The resulting disruption in acid-base equilibrium triggers  
neuronal excitation, causing increased muscle tension and spasms with adverse 
effects for muscle tissue (Chaitow et al. 2002). Hyperventilation also imposes a 
biomechanical load on the neck/shoulder region as a direct result of the shift from 
abdominal to chest breathing. Chest breathing is the most common type of 
dysfunctional breathing and upper trapezius muscles along with pectoralis major, 
pectoralis minor and latissimus dorsi muscles, though not needed for respiration, 
become active during chest breathing (Criswell 2010).  
 
Behavioural interventions that include paced breathing (slow and deep breathing) 
have been found to elicit improvements in many health conditions. These include 
stress (Lucini et al. 2009), anxiety (Clark and Hirschman 1990), asthma (Lehrer et al. 
2004),  chronic hyperventilation (Grossman et al. 1985), and congestive heart failure 
(Parati et al. 2008).  There is evidence to suggest that slow breathing has positive 
effects on the autonomic nervous system in both the short (Raupach et al. 2008; 
Limberg et al. 2013) and long-term (Pal et al. 2014). Studies using short breathing 
exercises have produced acute physiologic improvements and reductions in 
symptoms of stress and anxiety (Pal and Velkumary 2004; Prinsloo et al. 2013).  
 
The overall aim of slow breathing exercises is to reduce respiratory frequency and 
depth of breathing to match alveolar ventilation to metabolic demand (Bott et al. 
2009). Respiration rate is the number of breathing cycles in a minute, and healthy 
people breathe at a rate of 12–20 breaths per minute. 
 
Reduction of the  breathing rate from 16 breaths/min to less than 10 breaths/min for 
at least two minutes was found to enhance parasympathetic tone and reduce 
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sympathetic activation in a study group (Gallagher et al. 1992). Although these 
changes fade on return to a normal breathing rate, a decreased tendency to increase 
respiration rate when exposed to stress was observed in slow breathing trainees 
who learned to breathe slowly and deeply (Spicuzza et al. 2000). 
 
While links have been previously established between many psychosocial stressors 
and WRMSDs, to our knowledge no study to date has looked at sustained attention 
as a psychosocial stressor which may contribute to increased muscular activity and 
ultimately the development of WRMSDs. The hyperventilation theory of job stress 
and musculoskeletal disorders (Schleifer et al. 2002) posits that hyperventilation 
plays a mediating role in the relationship between stress and muscle activity. Based 
on previous experimental work, this study firstly sets out to prove that 
hyperventilation is in fact a moderator in this relationship. The second focus of this 
study was on investigating if a breathing intervention could reduce the muscular 
activity during sustained attention work by weakening the moderating effect of 
hyperventilation.   
 
7.2 Method 
7.2.1 Study Design 
  A repeated measures study design was used, whereby the dependent variables 
were measured under three conditions: (1) baseline (normal breathing), (2) while 
performing a sustained attention task (SART1), (3) performing the sustained 
attention task, after performing a breathing protocol (SART2).    
 
7.2.2 Dependent Variable 
The primary dependent variable was upper trapezius muscle activity (UTMA). 
Breathing rate and end-tidal CO2 (PetCO2) were secondary dependent variables. 
UTMA was assessed because increases in shoulder muscle activity have been linked 
to mental demands (Wijsman et al. 2013), attention (Waersted and Westgaard 1996) 
and emotional stress (Cacioppo and Tassinary 1990).  The breathing rate was 
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measured as the breathing intervention should decrease this variable. PetCO2 was 
measured as a moderator variable.  
 
7.2.3 Moderator variable 
A moderator variable indicates the conditions under which the optimal effect 
between two variables can occur. In this context, PetCO2 concentrations <35mmHg – 
where hyperventilation occurs – represent the conditions under which the effect of 
inhibited parasympathetic activity on upper trapezius muscle activity becomes 
maximally effective. In other words hyperventilation can strengthen the relationship 
between attention related stress and UTMA. 
 
7.2.4 Independent variable  
The independent variable was the stress experienced while carrying out an attention 
task. Stress due to the attention task was measured using the ‘distress’ and ‘worry’ 
subscales of the Short State Stress Questionnaire (SSSQ) (Helton 2004a), which is a 
24-item scale based on the longer 96-item Dundee State Stress Questionnaire 
(DSSQ) (G Matthews et al. 1999). 
 
The attention task performed was the Sustained Attention to Response Test (SART) 
(Robertson et al. 1997), where participants responded with a key press of their 
dominant hand to digits as they appeared on the screen, and were asked to withhold 
responding to the number 3. The SART task performed after baseline is termed 
SART1 and after the breathing protocol is termed SART2.  
 
7.2.5 Experimental Measurements 
7.2.5.1 Upper trapezius muscle activity 
UTMA was measured using surface EMG electrodes on the non-dominant upper 
trapezius muscle, centred on a point 2 cm lateral to the midpoint between the 
acromion process, and the spinous process of the seventh cervical vertebra. A 
bipolar configuration was employed with a centre to centre inter-electrode distance 
of 20 mm. Active electrodes were referenced to a ground electrode placed over the 
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radius bone on the subjects’ non-dominant inner wrist.   Surface electromyography 
was recorded using disposable, pre-gelled dual Ag/AgCl electrodes (Covidien H124SG 
24 mm). EMG signals were recorded using a Nexus 10 (Mind Media BV) physiological 
monitoring and feedback system set at a sampling rate of 2048 Hz. For data analysis, 
Raw Root Mean Square (RMS) values were averaged over 1/16 second epochs using 
the Biotrace software programme. The bandpass DC corrections were set at 0.5 Hz. 
A digital fourth order Butterworth cascaded IIR bandpass filter was set to 20-500Hz. 
 
7.2.5.2 Hyperventilation (PetCO2) 
PetCO2 (mmHg) was measured with a face piece connected to a capnography device 
(CosMED K4B2 physiological measurement system). This system is a sidestream 
capnograph where the exhaled CO2 is aspirated via a mask through a sampling tube 
connected to the instrument for analysis. Samples were recorded every 1 second 
and averaged over each task. The partial pressure of PetCO2 is highly correlated with 
alveolar pCO2, which is regarded as a valid estimate of arterial pCO2. The normal 
values are 5% to 6% CO2, which is equivalent to 35-45 mmHg (Hollinger and Hoyt 
1995).  
7.2.5.3 Breathing rate 
A Nexus respiration sensor was placed around the abdomen of each participant to 
monitor abdominal breathing activity. This sensor is incorporated into a belt, which 
is placed around the abdomen, with the central part of the sensor placed just above 
the navel. The sensor measures the relative expansion and contraction of the 
abdomen. It was logged also with the NEXUS 10 physiological monitoring system at a 
sampling rate of 32Hz.  
 
7.2.6 Procedure  
7.2.6.1 Participants 
Twenty-four healthy student participants, 13 female and 11 male, with an average 
age of 18.6 years took part in the study. Individuals with a history of musculoskeletal 
or respiratory illness and smokers were excluded from the study. Participants were 
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asked to refrain from caffeine for at least 2 hours prior to taking part in the study. 
This research complied with the American Psychological Association Code of Ethics 
and was approved by the University of Limerick ethics committee. Informed consent 
was obtained from each participant. 
7.2.6.2 Experimental Protocol 
The procedure involved participants sitting at a computer workstation with their 
dominant arm placed with the elbow flexed 90°, their forearm resting on the 
workstation surface, and their hand positioned on the computer keyboard. The 
screen was positioned approximately 40 cm from their eyes.   
 
The test protocol involved four stages, which participants performed in the same 
order. The first one was a baseline measurement condition where the dependent 
variables were measured while participants were idle (12 minutes). Participants sat 
in front of a blank computer screen and breathed normally, in a neutral posture. The 
second stage required the participants to perform SART1 on the computer (12 
minutes).  The third stage involved the breathing intervention (30 minutes), followed 
by the fourth stage where the participants repeated the SART test (SART2) (12 
minutes).   
7.2.6.3 Breathing protocol 
The breathing protocol was used to counter inhibition of the parasympathetic 
system after the acute stress of the attention test, with the aim of restricting an 
increase in muscle activity. This firstly involved teaching participants a simple 
abdominal breathing technique at the start of the breathing intervention. They were 
instructed to drop their shoulders, close their eyes and release any tension from the 
body. They were then requested to place one hand on the abdomen and one the 
chest, and to inhale deeply and slowly through the nose into the abdomen. This was 
followed by exhaling through the mouth keeping the mouth, tongue and jaw relaxed. 
Participants were asked to take deep and long controlled breaths while making the 
breath smooth and even.  
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When the breathing technique was learnt, the participany performed the breathing 
intervention in total for a 30 minute period while viewing a relaxing image on a PC 
screen  (Hazlett-Stevens and Craske 2009). 
 
7.2.6.4 Study Hypotheses  
Hypothesis 1: Hyperventilation (PetCO2) moderates the relationship between 
sustained attention related stress and UTMA. 
Hypothesis 2: To test if a short abdominal breathing protocol can reduce the 
moderation effect of hyperventilation (PetCO2) on the relationship between stress, 
induced by sustained attention, and upper trapezius muscle activity.  
 
7.3 Statistical Analysis 
To test hypothesis 1 &2, basic moderation models based on the results of SART1 & 
SART2 were investigated. Model 1 based on the SART1 test results and model 2 
based on SART2 results were used to determine when PetCO2 moderates the 
relationship between stress and upper trapezius muscle activity. This analysis was 
performed using an SPSS macro ‘PROCESS’, developed by Hayes (Hayes 2013). This 
macro generates a multiple linear regression-based path analysis resulting in a 
moderation model. 
The Johnson-Neyman technique (Figure 1) was used to probe the interaction 
between stress and PetCO2 for the SART1 task. This technique identifies the values 
within the measurement range of the moderator where the conditional effect of the 
independent variable (stress) transitions between statistically significant and not 
significant. 
Significance levels were at the 5% level. Statistical analysis was performed using the 
SPSS 22.0 statistical package along with the ‘PROCESS’ macro for moderation 
analysis.  
 
7.4 Results 
Table 18 details the descriptive statistics for the dependent variables across the 
three study conditions (Baseline, SART1 and SART2). UTMA and breathing rate 
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increased from the baseline during SART1 and decreased during SART2 after the 
breathing protocol as expected. The decrease in PetCO2 from baseline to SART1 and 
again during the SART2 test was not anticipated.  
 
 
Table 18: Descriptive statistics of study variables 
   95% C.I. of Mean 
Variable Condition Mean (SD) Lower Upper 
 UTMA (uV) Baseline 12.24 (5.30) 10.00 14.47 
 SART1 22.46 (16.97) 15.29 29.63 
 SART2 15.17 (9.52) 11.15 19.18 
Breathing Rate 
(bpm) 
Baseline 15.18 (3.34) 13.77 16.59 
 SART1 17.61(2.61) 16.51 18.72 
 SART2 15.60 (3.84) 13.98 17.22 
PetCO2 
(mmHg) 
Baseline 
36.67 (3.64) 35.12 38.20 
 SART1 34.38 (3.09) 33.07 35.68 
 SART2 33.89 (4.53) 31.98 35.81 
 
Table 19 details the results of the moderation modelling for SART1 and SART2. 
Within the table, the moderation effect is illustrated by the interaction between 
stress and PetCO2 for both models. The SART1 model was statistically significant (R
2 
=0.46, p=0.05), proving that PetCO2 moderated the relationship between subjective 
stress and UTMA. The interaction between PetCO2 and stress was also statistically 
significant (p=0.01). The overall moderation model for SART2 was not statistically 
significant (R2 0.27, P=0.09) proving that PetCO2 did not successfully moderate the 
relationship in this case. The stress/PetCO2 interaction remained significant for this 
model also but the interaction effect (B) decreased (3.85 to -1.33) from SART1 to 
SART2.  The lower part of Table 2 shows the effect of stress on UTMA at different 
values of the moderator. The lowest value of PetCO2 given (31.30 mmHg) yielded a 
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statistically significant result showing that the relationship between stress and UTMA 
is moderated at this level of PetCO2.   
 
 
Table 19:  Moderation model results for SART1 and SART2 
SART1       SART
2 
      
R R
2
 MSE F df1 df2 P R R
2
 MSE F df1 df2 P 
0.68 0.46 178.
17 
5.73 3 20 0.05
* 
0.52 0.27 76.3
9 
2.44 0.52 0.27 NS 
              
  B SEB t CI 
L. 
 
U. 
p  B SEB t CI 
L. 
 
U. 
P 
Consta
nt 
96.60 32.3
9 
2.98 29.0
2 
164.
16 
0.05
* 
 -
3.88 
11.0
0 
-
0.23 
-
39.3
3 
31.5
7 
NS 
PetCO2 -2.20 0.94 -
2.34 
-
4.17 
-
0.25 
<0.0
5* 
 0.49 0.49 1.00 -
0.53 
1.51 NS 
Stress -
132.1
3 
47.0
5 
-
2.81 
-
230.
29 
-
33.9
6 
0.01
** 
 45.6
5 
17.3
3 
2.63 9.50 81.8
0 
<0.0
5* 
PetCO2 
X 
Stress 
3.85 1.41 2.71 -
0.89 
6.80 0.01
** 
 -
1.33 
0.50 -
2.69 
-
2.37 
-
0.29 
0.01
** 
Conditional effects of stress on UTMA at values of PetCO2 
PetCO2 
SART1 
      PetCO2 
SART2 
      
31.30 
 mmHg 
7.35 5.46 1.34 -
23.9
7 
0.50 0.05
* 
29.09 
mmHg 
6.
83 
3.66 1.87 -
0.80 
14.4
7 
NS 
34.38 
 mmHg 
1.63 4.44 0.37 -
11.7
5 
12.0
4 
NS 33.73 
mmHg 
0.
64 
2.48 0.26 -
4.53 
5.81 NS 
37.47 
mmHg 
-4.08 6.37 -
0.64 
-
5.29 
29.3
5 
NS 38.36 
mmHg 
-
5.
54 
3.08 -
1.80 
-
11.9
7 
0.88 NS 
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 Figure 19: Johnson-Neyman graph showing the range of PetCO2 values where 
significant effects of stress on upper trapezius muscle activity occurred 
 
Figure 19 used a Johnson-Neyman plot to show the region of significance for the 
SART1 test (28.4 mmHg to 31.1 mmHg PetCO2). The significant PetCO2 values are 
within the hypocapnic range with most medical sources defining hypocapnia as less 
than 35 mmHg for partial CO2 pressure in arterial blood (Oakes 2008). 
 
7.5 Discussion 
PetCO2 was found to significantly moderate the relationship between attention-
related stress and UTMA for SART1 which supports hypothesis 1. While the 
interaction between stress and PetCO2 remained significant in the SART2 model, the 
overall moderation model was not significant and PetCO2 did not succeed in 
moderating the relationship between attention-related stress and UTMA after the 
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breathing protocol. Hypothesis 2 which proposed that an abdominal breathing 
technique can inhibit the moderation effect of PetCO2 thus, preventing an increase 
in UTMA and a decrease in breathing rate due to an attention task, can therefore be 
partially accepted. The slowed breathing protocol weakened the moderation effect 
by preventing PetCO2 concentrations from decreasing (hyperventilation) in half the 
study group. 
 
The study demonstrated that an attention task can initiate a physiological stress 
response leading to increased UTMA and decreased PETCO2,  which is consistent with 
previous research (Warm et al. 2008a).  Along with this, the results proved the 
existence of a moderation effect between PetCO2 and stress in SART1, showing that 
when PetCO2 levels decreased or hyperventilation occurs, stress has a greater effect 
on UTMA. Past studies have hypothesised that PetCO2 mediates the relationship 
between stress and muscle activity (Schleifer et al. 2002), but this study proves that 
PetCO2 is a moderator rather than a mediator in this relationship.  
 
The breathing intervention proved to have positive physiological effects on 
participants and consequently the moderation model for SART2 was not significant. 
In other words, the abdominal breathing prevented PetCO2 from decreasing for 
some participants, thus preventing the moderation effect of PetCO2 on UTMA for the 
group overall. It was also evident that UTMA and breathing rate were lower than in 
SART2 after the breathing intervention for all participants, showing that the 
abdominal breathing did reduce hyperventilation and inhibition of the 
parasympathetic system within the study group overall. 
 
It is likely that those participants with decreased PetCO2 during SART2 did not carry 
out the breathing technique correctly.  Studies have shown that novices learning 
breathing practices tend to exhale too forcefully causing hypocapnia and a decline in 
PetCO2 (Brown et al. 2013). Deliberate slow paced breathing can sometimes cause an 
increase in tidal volume that more than compensates for the decrease in respiration 
rate, thus often producing hyperventilation (Lehrer et al. 1997). Every individual has 
a “resonant frequency” breathing rate of about 4 to 7 breaths per minute (Vaschillo 
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et al. 2002). This level of coherent breathing has been shown to optimally balance 
the stress response for most adults (Lehrer et al. 1997). In our experiment, breathing 
rate averaged at about 12 breaths per minute, which was considerably higher than 
the ideal rate. While this study did show promising effects of slowed breathing for 
some participants, a more comprehensive breathing training programme would 
need to be undertaken to ensure that all participants correctly modify their 
breathing technique and achieve an optimal level of coherent breathing. 
 
7.5.1 Implications for Industry 
The findings of this study along with many previous studies have found that 
monitoring work is stressful for operators. This does not align with the widely held 
view in industry that monitoring automated processes is not a mentally demanding 
task. An awareness of the physiological stress responses of monitoring work is 
necessary for industrial safety practitioners.  
 
Sustained attention or supervisory monitoring work forms a dominant part of the 
role of operators in modern manufacturing, and as a psychosocial stressor is a likely 
contributor to health problems such as work related musculoskeletal disorders. It 
should therefore be included in workplace risk assessments.  
As hyperventilation has been identified as a stress response that enhances the 
relationship between stress and muscle activity, targeting hyperventilation in the 
workplace may be a viable control measure in reducing the incidence of WRMSDs. 
The provision stress management programmes which include training relaxing 
breathing techniques would help reduce chronic hyperventilation in the workplace.  
 
7.6 Conclusion 
A sustained attention task resulted in a physiological stress response including 
hyperventilation and increased UTMA which corroborates the findings of attentional 
resource theorists who advocate that monitoring work is stressful. This study 
highlights the role of hyperventilation as a moderator, which strengthens the 
relationship between stress and WRMSDs. The use of a simple abdominal breathing 
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technique to weaken the effect of hyperventilation on this relationship was partially 
successful.  
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Chapter 8. Discussion 
The aim of this chapter is to highlight the key findings across the individual studies in 
this thesis, and to discuss their relevance to current scientific literature and industrial 
workplace practice and safety management. Previous research has not investigated 
the specific links between sustained attention and musculoskeletal disorders. This 
thesis endeavoured to fill part of this gap in investigating some of the relationships 
linking these variables.  
 
8.1  Common findings across thesis studies 
8.1.1  Monitoring work as a source of high mental demands 
A common finding across all five studies in this thesis is that attention or monitoring 
work is a source of high mental workload/cognitive demand. Monitoring tasks were 
a source of high cognitive demands (study 1 & 3), high attention demand (study 2 & 
4) and involve stress (study 5). Study 1 (chapter 3) measured cognitive demand using 
a scale from the Copenhagen psychosocial questionnaire. Study 2 (chapter 4) & 4 
(chapter 6) measured attention demand using the Situational Awareness to 
Response Test (SART). Study 3 (chapter 5) measured mental workload using the 
NASA-TLX test, and study 5 (chapter 7) measured mental stress associated with an 
attention test using the SSSQ. Despite using several different measures, high mental 
demands were evident across all studies therefore supporting the attentional 
resource theory of sustained attention. These findings also provide further reason to 
question the underload theories of sustained attention (Thomson et al. 2015). The 
mind-wandering theory posits that workload is low during sustained attention tasks 
(Allen et al. 2013), but the present studies, which show evidence of mental and 
physiological stress during attention tasks suggest otherwise.  
 
8.1.2 Attention work is stressful 
A further common finding across three of the studies was that attention work is 
stressful. Study 1 demonstrated that monitoring work was a source of distress and 
worry. Increases in hyperventilation, UTMA and inhibition of the PNS were 
consistent with increases in attention demand in study 4. A rise in hyperventilation, 
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breathing rate and muscle activity were linked to increased mental stress due to an 
attention task in study 5. This finding is again consistent with the experimental work 
of attentional resource theorists. It builds on the current knowledge by providing a 
link between sustained attention and increased muscle activity.  
 
8.1.3 Hyperventilation – a moderator between mental stress and muscle activity 
The three experimental studies found that end-tidal CO2 was a moderator between 
mental stress and muscle activity. This finding remained consistent despite using 
validated attention tasks in two studies (Study 3&5) and industrial simulations in the 
third (Study 4). This is the key scientific finding of the thesis which has not been 
reported in the literature previously. This finding builds on the earlier research 
carried out by (Schleifer et al. 2002), who proposed a theory linking job stress to 
musculoskeletal disorders via the mechanism of hyperventilation. Their hypothesis 
that hyperventilation is a mediator in this relationship can now be revised with the 
finding that it is in fact a moderator. The experimental study findings were also 
useful in that they give a range of PetCO2 concentrations wherein the mental 
stress/PetCO2 interaction effect is strongest and most likely to impact muscular 
activity (28.4-33.9 mmHg). This is also a very important contribution to the research 
pertaining to how stressors lead to health effects in general. 
 
8.1.4 Mediation and moderation models 
Analysis of the data in all studies was based on mediation or moderation statistical 
models, which is a contribution to the knowledge of the methodology used in studies 
of this nature. Studies 1 & 2 are based on mediated models, studies 3 & 5 are based 
on moderated models. Study 3 is a combination of both, resulting in a moderated 
mediation model. While this is a more complex approach than standard statistical 
techniques, it has allowed the key hypotheses to be proven based on sound 
mathematical modelling. It has also proven invaluable in linking the variables of 
interest within the research. The Author is unaware of this approach being used 
previously, in the context of the variables being studied.  
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8.2 Key study findings 
 
8.2.1 Study 1: Psychosocial risks as predictors of musculoskeletal complaints in 
manufacturing 
Study 1 was based on a survey undertaken in five highly automated companies 
across four industrial sectors. Respondents carried out sustained monitoring work 
for 70-100% of a 12-hour working shift. Using structural equation modelling, 
cognitive demand was found to be significantly associated with shoulder and lower 
back complaints, and social isolation to neck and lower back symptoms via the 
distress mediator. Low job control was associated with upper back complaints via 
worry as the mediator.  
 
A study relating psychosocial risks to musculoskeletal complaints - specifically within 
highly automated manufacturing workplaces - has not been undertaken in Ireland to 
date, to the Authors knowledge. While there are some international studies linking 
psychosocial risks to musculoskeletal disorders in industrial settings, none focused 
on highly automated work, and in particular on sustained attention. This study 
therefore gives a useful insight into the psychosocial climate and the prevalence of 
musculoskeletal complaints in modern manufacturing, and indeed what can be 
expected in the years to come with increasing automation. While psychosocial 
exposures were in line with other studies (Gerr et al. 2014; Yue et al. 2014), the 
prevalence of MSDs was high considering that exposure to physical work exposures 
in these workplaces was minimal. The results are comparable to the fourth European 
Working Conditions survey  (Eurofound 2007) where plant and machine operators 
had the second highest rate (49.2%) of reported MSDs, although the level of process 
monitoring carried out by the survey respondents was not determined.  
 
A further contribution to current knowledge is based on the use of stress states as 
mediators between psychosocial risk factors and musculoskeletal complaints. The 
use of stress states to determine the mental state of workers is based on the 
contemporary transactional view of stress. This takes the more realistic view that 
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stress is a dynamic relationship between a person and their environment along with 
the appraisal of their ability to cope with it. Existing models linking psychosocial risks 
to musculoskeletal disorders are rarely based on a transactional framework 
(Kjellberg and Wadman 2007), despite being more informative as they used 
multidimensional measures of stress. This approach allows specific aspects of stress 
(distress, worry) to be linked to specific MSCs (shoulder, neck etc.) confirming the 
presence of distinct pathways to link these variables (Cox and Griffiths 2005; 
Matthews et al. 2013).  
 
The study results are also interesting to compare with industry in general. Firstly, the 
psychosocial exposures scores from the survey were similar to larger European 
studies (Eurofound 2012). So this study is further confirmation that Irish 
manufacturing industries are exhibiting similar trends in these respects.  Levels of 
job control and skill discretion were quite low, as would be expected for operators in 
these industrial environments (Kivimäki et al. 2002; Werner et al. 2005). Conversely 
social isolation and cognitive demand were rated quite highly within the 
Copenhagen psychosocial scale, and this is again consistent with exposures 
elsewhere in European industry (Eurofound 2016b).  
 
Secondly, the prevalence of MSDs reported by workers in the companies was high, 
which may be surprising at an industrial management level, considering the low level 
of physical work involved. Manufacturing companies with a low requirement for 
physical work are possibly not inclined to view MSDs as a problem. This study found 
that 4 out of the 5 companies did not have a programme in place to prevent or 
reduce musculoskeletal problems for these workers. 
 
Thirdly, cognitive demand levels were high and predicted shoulder and lower back 
MSDs via distress as the mediating variable. These results refute the currently held 
industrial perception that monitoring automated activities in manufacturing does 
not require much mental effort or cause stress.  
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Finally, the statistical model based on the results clearly links cognitive demand, job 
control and social isolation to MSDs.  This would suggest that these specific 
psychosocial risks need to be managed and minimised within these work 
environments. 
 
8.2.2  Study 2: Attention measures as predictors of musculoskeletal complaints. 
Study 2 was also based on the industrial survey carried out in highly automated 
companies. In this study, attention demand was found to be a statistically significant 
predictor of upper back, lower back and neck complaints at work when low task 
engagement mediated the relationship. The incidence of neck, shoulder and lower 
back complaints decreased when low task engagement mediated the relationship 
between attention supply and the MSDs.  
 
Including task engagement in a model which links attention measures and MSDs has 
not been attempted previously. Both high attention demands and low task 
engagement have been found to be psychosocial stressors in work environments. 
These stressors are therefore likely to contribute to musculoskeletal complaints, 
which corroborate the study results. The combination of high attention supply and 
low task engagement decreasing the incidence of reporting MSDs is a useful 
progression in the study of sustained attention. High attention supply is required to 
meet high workload demands which would generally be construed in the literature 
as a stressful process. This is somewhat an unexpected finding as it suggests that 
even a low level of task engagement as experienced by the operator will counteract 
some of the stress experienced due to an attention task.   
 
The impact of attention demand and attention supply on musculoskeletal complaints 
has also not been investigated previously.  While it is difficult to measure sustained 
attention in a workplace, measuring surrogate variables such as attention demand 
and attention supply has proved useful. As there is no industrial data available on 
level of attention demand and supply, further workplace studies using these 
particular variables would be informative.   
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8.2.3 Study 3:  A moderated model linking mental workload and upper trapezius 
muscle activity 
Previous research has proposed that hyperventilation mediates the relationship 
between mental stress and muscle activity (Schleifer et al. 2008). This study 
commenced with the alternative hypothesis that hyperventilation moderates as 
opposed to mediates this relationship. This would mean, instead of hyperventilation 
having to be present for the relationship to occur, as in a mediated relationship, 
hyperventilation augments the existing relationship. The experiment results support 
the updated hypothesis as hyperventilation was found to enhance the effect of 
mental stress on muscle activity. End-tidal CO2, which measures hyperventilation, 
significantly moderated the relationship between two (NBACK & AVT) attention tests 
at the 0.5% level of significance. The moderation relationship was significant at the 
1% level in the case of the third attention test (SART). This is an important 
development in the study of the relationship between mental stress and increased 
muscle activity, and the consequent contribution of increased muscle activity to 
musculoskeletal pain and discomfort. From an occupational perspective, it means 
that if hyperventilation can be reduced in employees, increases in muscle activity 
can also be curtailed.  
 
The results of this study corroborated previous research, that although sustained 
attention work may be monotonous, it can also be stressful (Warm et al. 1996; 
Warm et al. 2008a), and can lead to hyperventilation along with increased muscle 
activity (Schleifer et al. 2002; Oken et al. 2006). It is evident from this study that 
sustained attention is a likely risk factor in the development of musculoskeletal 
disorders. What remains unknown is what level is considered acceptable within 
automated work. 
 
8.2.4 Study 4: A moderated mediation model linking attention demand and 
upper trapezius muscle activity. 
While the previous study used purposely developed attention tasks for experimental 
use, the tasks used in this study were designed to be similar to an automated 
manufacturing workplace. The four tasks included in the experiment involved the 
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monitoring and controlling of a simulated automated industrial process via a 
computer interface.  One aim of this study was to determine the levels of attention 
demand generated from simulated industrial monitoring tasks where varying 
degrees of attention were required.  A further aim was to determine the relationship 
between attention demand and three psychophysiological measures of stress: HRV-
HF (parasympathetic activity), end-tidal CO2 and UTMA. In order to do this a 
moderated mediation model was developed using these variables. HRV-HF was 
included as a mediator between mental stress and UTMA activity within our model 
and it yielded a significant mediated relationship. The previous study (study 3) 
confirmed that PetCO2 was therefore a moderator of the relationship between stress 
due to attention work and muscle activity. PetCO2 was also included as a moderator 
in this model but in this case it moderated the relationship between HRV-HF and 
UTMA muscle activity as opposed to the relationship between attention–related 
stress and UTMA as outlined in Study 3.  A statistically significant moderated 
mediation model was developed and the study hypothesis was proven.  
 
These findings are a useful progression on study 3 in a number of ways. Firstly, the 
study is based on realistic monitoring tasks of automated processes as opposed to 
laboratory based attention tasks buts similar levels of physiological stress were 
measured. Secondly, the inclusion of HRV-HF as a mediator between mental stress 
and muscle activity is something which is referred to in the literature but has never 
been supported by a mathematical model to the best of the Authors knowledge. 
Thirdly, this model specifically defines the mental stress mechanism that 
hyperventilation is moderating – that of the PNS.  This finding supports other studies 
which have shown that mental stress is linked more with changes in the 
parasympathetic nervous system than the sympathetic nervous system (Togo and 
Takahashi 2009; Cinaz et al. 2013). 
This study further supports the hypothesis that hyperventilation is a moderator in 
the relationship between mental stress and muscle activity. It also confirms that the 
higher the level of attention demand required to complete the simulation, the more 
the PNS was inhibited. We can deduce from this result that the higher the attention 
demand required, the more activated the sympathetic nervous system (the SNS and 
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PNS work opposite to one another). This study is therefore further evidence that 
sustained attention work, and more specifically attention demand, is a stressor, and 
contributes via inhibition of the PNS and hyperventilation to increased muscular 
activity. 
A stressor such as sustained attention can lead to chronic hyperventilation and 
inhibition of the PNS. With the knowledge that both these adverse physiological 
reactions negatively impact muscle health, we can deduce that sustained attention is 
a likely contributor to musculoskeletal disorders. 
 
8.2.5 Study 5: A breathing technique to reduce the effect of mental stress on 
upper trapezius muscle activity.  
Study 5 builds on the finding from studies 3 and 4, that hyperventilation is a 
moderator in the mental stress-muscle activity pathway. On the basis that a lowered 
level of end-tidal CO2 (hyperventilation) enhances the effect of mental stress on 
muscle activity, this study endeavoured to determine if an intervention to change 
the breathing pattern can prevent a reduction in PetCO2 levels and consequently 
prevent an increase in muscle activity. This study demonstrated that a simple 
abdominal breathing technique resulted in lower breathing rate, lower muscle 
activity, and increased PetCO2 during an attention task, compared to a control group. 
This study also made an important contribution to understanding the impact of 
mental stress on MSDs. Firstly, this study showed that a slight adjustment to 
breathing pattern can reduce muscle activity, which is an important contribution to 
current knowledge. Secondly, an improved breathing pattern can prevent the 
interaction between mental stress and PetCO2 to increase muscle activity.  In other 
words, breathing training techniques could potentially be used to weaken the effect 
of stress on muscle activity. 
 
While the moderation/interaction effect between mental stress and PetCO2 for the 
group as whole was prevented by manipulating the breathing pattern, 
hyperventilation was not prevented for all participants. This could suggest that 
individuals would need a more comprehensive breathing programme to learn the 
abdominal breathing technique. Breathing techniques that have been used to 
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correct dysfunctional breathing patterns in diseases such as asthma often take 
several months to perfect (Thomas and Bruton 2014).  
 
 
8.3 Contribution to advancement of theoretical models 
The results of studies 1 and 2 are consistent with the Melin and Lundberg (1997b) 
biospychosocial model. Low level muscle tension generated as a result of exposure 
to psychosocial stressors in the workplace resulted in a high reported incidence of 
MSCs. While we cannot deduce if after work activities also contributed to MSCs as 
proposed by this model, we know from the industrial surveys that all employees 
worked a 12-hour shift with limited short rest breaks and had little opportunity for 
relaxation.  
The findings of study 2 draw on the JD-R model (Demerouti et al. 2001). Where 
attention demands were high, and resources in the form of task engagement were 
low, the odds of reporting a MSC increase. Where the level of attention supplied to 
complete the task was high, any task engagement present provided some resource 
to aid task completion and decreased the odds of MSC reporting.  
 
Another theory of interest to this thesis is the resource depletion hypothesis (Warm 
et al. 1996). On the basis of humans having limited capacities to hold attention, 
many studies have found monitoring work to cause stress. This theory is supported 
in the experimental studies (chapters 5, 6 & 7) where physiological and subjective 
stress reactions were recorded during sustained attention tasks.  
 
The experimental studies (chapters 5, 6 & 7) were designed based on the 
hyperventilation theory of job stress and musculoskeletal disorders (Schleifer et al. 
2002). The studies in this thesis have advanced this theory in proving that 
hyperventilation acts as moderator and not a mediator as proposed by the theorists. 
 
On the basis of the thesis studies, hyperventilation can be considered within the 
biopsychosocial model (Melin and Lundberg 1997b). This model takes the view that 
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contemporary manufacturing roles may result in some muscles groups being 
contracted at low levels for prolonged periods (often 12-hour shifts) due to static 
postures. Along with this, a high cognitive workload in the form of sustained 
monitoring during the working day means that physiological activation including 
hyperventilation and muscle activity is prolonged (Sonnentag and Bayer 2005). Some 
studies have also shown that it takes longer for muscles to relax after mental work 
than physical work (Mehta et al. 2012). When this long working day is combined with 
after work activities i.e. housework, looking after children or relatives, this is little 
opportunity for relaxation and muscle recovery. These factors combined lead to 
adverse effects for musculoskeletal health.  
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8.4 Workplace and practitioner level implications  
8.4.1 Contribution of psychosocial risks to musculoskeletal disorders 
One aim of the EU health and safety strategy 2014-2020 (EC 2014) is to improve 
prevention of work-related diseases by tackling new and emerging risks without 
neglecting existing risks. Currently, stress is the second most reported occupational 
health problem in Europe but approximately 70% of workplaces have no procedures 
in place to deal with psychosocial risks (EU-OSHA 2014b). Based on the thesis 
findings, the most problematic occupational diseases in Europe – musculoskeletal 
disorders – can be reduced by tackling new (e.g. sustained attention) and existing 
(e.g. job control, skill discretion) psychosocial risks. 
 
In spite of the surge in scientific literature identifying sustained attention and other 
cognitive demands as stressors, this knowledge has not reached the industrial 
community. It is common practice for safety management to focus on hazards, which 
workers are most commonly exposed to, i.e. daily tasks and activities. In the context 
of modern manufacturing, monitoring is one of the most common tasks. Assessing 
the risks associated with the types and levels of monitoring is not a straightforward 
task but, simply reducing the time spent monitoring could be a feasible control 
measure.  
Many interventions have been described in the literature to tackle conventional 
psychosocial risks such as job control, social isolation and skill discretion. These often 
involve problem-solving employee committees to identify stressors and 
subsequently, opportunities for greater autonomy, use of skills and increased social 
interaction. While some companies have introduced such programmes, these and 
other control measures used to manage psychosocial risks have not been widely 
implemented in industry to date (EU-OSHA 2012).  
 
While the role of psychosocial stressors in the development of musculoskeletal 
disorders is becoming more accepted in industry, there is little understanding at 
workplace level of how psychosocial stressors impact musculoskeletal health from 
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either a psychological, behavioural or physiological perspective. This knowledge gap 
needs to be addressed. If safety management can understand how psychosocial risks 
act as contributors to musculoskeletal and other health conditions, they are more 
likely to take action to manage them.  
 
8.4.2 Stress responses to sustained attention work 
An understanding of the role physiological mechanisms i.e. breathing and muscle 
activity play in the aetiology of stress and musculoskeletal disorders is important for 
occupational health practitioners. Along with hyperventilation, chronic inhibition of 
the PNS will also lead to health impairment. As the PNS is associated with resting and 
restorative functions, under normal conditions, it allows the body to conserve 
energy. Lowered vagal function has been reported in a wide range of conditions such 
as cardiovascular disease, osteoporosis, arthritis and a decline in muscle strength 
(Kop et al. 2010; Veeranki and Tyagi 2013; Woods et al. 2014). Safety management 
need to be aware that exposure to chronic stress e.g. sustained attention work, 
resulting in inhibition of the PNS, habitual dysfunctional breathing and increased 
muscle activity will increase the incidence of MSDs. 
 
The provision of regular and adequate rest breaks, or opportunities for relaxation, 
can help reduce levels of PNS inhibition and hyperventilation in employees. Some 
companies have  introduced tertiary control measures such as resilience or 
mindfulness programmes to help staff to deal with stress (Robertson et al. 2015). 
Many of these programmes include training that focuses on improving employee 
breathing techniques. These control measures fit well with the findings of this thesis. 
An efficient breathing technique ensures PNS dominance and prevents 
hyperventilation (Jerath et al. 2006) thus reducing muscle activity. Even if employees 
are exposed to stressors e.g. sustained attention for long periods, practicing 
effective breathing can prevent some of the adverse physiological effects of that 
stressor (Nerve 2014).  
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8.4.3 Design of automation to reduce monitoring work 
Design of workplaces and jobs should take the risks associated with sustained 
attention into consideration. Attention demand and task engagement should be 
considered when planning and upgrading manufacturing workplaces. Automated 
systems designed with the user in mind should ensure optimal situational 
awareness. Situational awareness has been defined by Endsley (1988) as ‘the 
perception of the elements in the environment within a volume of time and space, 
the comprehension of their meaning, and projection of their status in the near 
future’. A good level of situational awareness for the operator would take the 
attention demand and supply, complexity, uncertainty and understanding of the task 
into account. This would improve the chances of there being an adequate level of 
attention demand to  keep the operator engaged with the task (Endsley 2016), to 
conserve attention resources for longer periods and prevent stress responses from 
occurring.  
 
The importance of task engagement for employees in modern manufacturing was 
highlighted in Study 2. Low task engagement is a marker for poor performance of 
monitoring work and a sign that attentional resources are depleted.  Customising 
tasks to ensure optimal levels of cognition and giving operators more role autonomy, 
will improve the engagement of attention on monitoring work.  
 
Adaptable automation is a possible control measure to counteract the high level of 
attention demand that operators face in manufacturing environments. Studies have 
shown that adaptive systems can regulate operator workload and enhance 
performance while preserving the beneﬁt of automation (Moray and Inagaki 2000; 
Kaber and Endsley 2004; Parasuraman et al. 2009). In adaptable systems the human 
operator is involved in deciding what to automate. User-adaptable delegation 
approaches may allow the beneﬁts of real-time adaptation while keeping the 
operator in charge. It allows the user to cooperate with automation across a range of 
task abstraction levels, thus allowing the operator to ﬁnish the design at the time of 
use. This approach should allow operators to have more control over their work 
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along with improved situation awareness, more balanced mental workload, and 
improved overall performance (Miller and Parasuraman 2007). 
 
8.5 Governmental and regulatory strategy implications 
Psychosocial risks are less well addressed at an organisational level than general OSH 
risks within Europe (EU-OSHA 2012). Formalised procedures to deal with 
psychosocial risks are widespread only in some countries, with the highest 
frequencies being reported in Ireland, the United Kingdom, Sweden, Belgium and 
Finland (EUOSHA 2014). The Health and Safety Authority in Ireland, for example, has 
developed a tool to audit organisational stress, called the Work Positive Project.  In 
Europe, approximately 30% of establishments have measures in place to address 
psychosocial risks. That group are dominated by large companies (250+ employees), 
with the controls in place most likely to be either psychosocial measurement tools or 
initiatives targeted at one psychosocial measurement e.g. bullying. Few companies 
have comprehensive management systems in place to effectively deal with these 
risks.  
 
Despite several policy initiatives launched at EU and national level since the 1980s to 
deal with psychosocial risks, their impact has been disappointing so far due to the 
gap between policy and practice. Psychosocial risks deserve special attention by 
policymakers in the area of OSH. This is especially applicable to SMEs, who face 
difficulties in complying with OSH regulations owing to fewer resources and less 
awareness of the costs of noncompliance (EUOSHA 2014). 
 
A recent European report recommended the use of the conventional risk 
management paradigm to also manage psychosocial risks (EU-OSHA 2012). The 
United Kingdom is one of few countries who have developed a management system, 
using the risk management paradigm, to manage stress: ‘The management standards 
for work related stress’. The international standards organisation (ISO) is also 
developing a new standard, ISO 45001, Occupational health and safety management 
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systems which encompasses the management of psychosocial risks and should 
impact much needed change across Europe. 
 
It would also be useful at a European level to focus on sustained attention as an 
emerging psychosocial risk factor, based on its significant contribution to job 
demand and workload in modern manufacturing industry. Highlighting the risks 
associated with prolonged monitoring work in European (e.g. Healthy Workplaces 
Campaign) or national campaigns is recommended.  
While the EU machinery directive was updated in 2006 to consider appropriate 
human-machine interface design (EC 2006),  
“under the intended conditions of use, the discomfort, fatigue and physical and 
psychological stress faced by the operator must be reduced to the minimum possible, 
taking into account ergonomic principles such as … adapting the man/machinery 
interface to the foreseeable characteristics of the operators.” (Page 14, 1.1.6 
Ergonomics), 
 this requirement is not always considered in practice. Many human factor experts 
have commented on the fact that automation engineers tend to focus on the 
automation of a task giving little consideration to ensuring optimal interaction 
between the end-user and the automation. User-centred automation processes and 
interfaces remain a critical engineering control to optimise the levels of cognitive 
demand operators are exposed to. Considering concepts such as human-adaptable 
automation in future automation design (Miller and Parasuraman 2007; Riedlinger et 
al. 2016)  could help ensure a better psychosocial climate in factories of the future. 
There is an onus at European and at national governance levels to ensure 
automation design is not detrimental to the health of employees. Legislation such as 
the machinery directive needs to be enforced with automation designers and 
engineers. 
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8.6 Opportunities for future research 
There are many opportunities for further research. In the context of modern 
technological environments with increased ICT, advanced automation and the IoT, 
the role of the human operator continues to be that of a monitor and supervisor of 
systems. Sustained attention is therefore a job demand that will pose challenges into 
the future. The development of a range of measures to quantify the sustained 
attention level required of work activities in industry would be very pragmatic. These 
measures could be subjective or physiological. Subjective measures i.e. 
questionnaires to determine the type, duration and complexity of monitoring tasks 
would be useful to rate the difficulty of this work in applied environments.  
 
Modern advancements such as ‘Operator 4.0’ may provide the technological solution 
to reducing monitoring work and cognitive demands for operators. It is envisioned 
that what is currently termed a “collaborative operator” may be linked to 
collaborative robots, or co-bots, like the assembly assistant e.g. YuMi (Kirgis et al. 
2016). Research is needed to determine if these collaborative robots or similar 
technologies could be used to reduce tedious monitoring work for operators. 
 
Physiological measures could also prove useful in applied research in investigating 
both the extent of attentional resources required and the physiological stress 
responses. It has been suggested (Perrey et al. 2010) that measuring brain 
oxygenation using Near-Infrared Spectroscopy (NIRS) could represent a quantitative 
measure of attention resources.  If this is the case, then there is a possibility of 
objectively quantifying the demand-resource relationship, which has only been 
determined subjectively in the research to date.  Other recent experimental studies 
have utilised techniques such as Cerebral Blood Flow Velocity (Reinerman et al. 
2006) and Transcranial Doppler Sonography (Tripp and Warm 2006) to quantify 
aspects of sustained attention. It would fill an extensive research gap if these brain-
monitoring techniques could be applied to determine an optimum duration of 
monitoring work for employees in manufacturing settings. Such methods could also 
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potentially quantify the additional cognitive demands posed by the IoT in modern 
factories. 
 
Hypothetical models are valuable in predicting interrelationships between variables. 
There are many opportunities for the continued use of moderation and mediation 
models to explain the interactions between psychosocial stressors and 
musculoskeletal disorders. As most of the industrial work carried out on psychosocial 
factors is based on subjective measures, it would be informative to also include 
physiological measures of stress e.g. hyperventilation,  heart rate variability and 
muscle activity  into structural equation models based on industrial data with 
multiple psychosocial stressor and multiple musculoskeletal complaints.  
 
Hyperventilation has not been widely studied in the context of mental demands in 
occupational environments. As this variable is a good measure of mental stress and 
has been shown to play an important role in the relationship between mental stress 
and MSDs, applied studies focusing on the manipulation of this measure to reduce 
the incidence of MSDs would greatly add to current knowledge. 
 
It would also be useful to conduct further experimental studies looking at improved 
breathing as a control measure in the reduction of MSDs. While study 5 provided 
evidence, that improved respiration can reduce muscle activity, different types of 
breathing technique and training duration could be trialled to develop a breathing 
training programme which is effective for a majority of participants.  As mentioned 
previously, many companies have introduced cognitive behavioural therapy 
programmes including resilience, mindfulness and breathing training to control 
stress. It would be interesting to conduct some data analysis on these programmes 
to determine if they lead to a reduction in the incidence of reported MSDs within 
these companies. 
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8.7  Limitations 
The cross sectional nature of studies 1 & 2 does not permit the direction of causality to be 
established, or indeed causation to be concluded. For example, in study 1, our model 
assumes that cognitive demand causes distress which in turn pre-empts increased 
muscular tension and consequently neck and back pain. It is possible however that it is the 
shoulder and lower back pain that cause the distress. A longitudinal design is required to 
give a more accurate answer to this question.  
 
In complex domains, single studies can seldom provide a conclusive verification of 
causal propositions. It is through replication of evidence across studies that causal 
claims gain their inferential strength. While the main findings of the industrial based 
studies (1&2) are consistent with research to date, further studies investigating 
psychosocial factors in modern highly automated manufacturing workplaces would 
be necessary to validate these findings.  
 
As it is difficult to account for all the factors affecting the studied variables in Study 1 
& 2 collected within industrial settings, unmeasured confounding factors are likely to 
have affected the results e.g. those suffering from fatigue, or those employees with 
low levels of job satisfaction are more likely to respond more negatively to the 
survey questions. 
 
The most likely confounding factor in the industrial survey is physical work. While 
the physical work was minimal and for the most part involved light manipulation of 
machinery during troubleshooting, the type and duration of physical activities varied. 
It is difficult to determine the impact of this physical work on the study variables and 
in particular on the MSDs. 
 
The occupational group of interest to this thesis are mainly shift workers. Shift 
workers find work–life balance more difficult, and work affects their health 
negatively. They are more likely to feel exhausted at the end of the day (Eurofound 
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2016).  As the health effects of shift work are not accounted for in the study models, 
shift work is another likely confounding factor in reporting MSDs. 
 
Experimental studies (3, 4 & 5) were limited to young healthy student participants 
within a narrow age group. It cannot be assumed that the results could be accurately 
extrapolated to the wider working population. 
 
The relatively small sample sizes in the experimental studies (3, 4 & 5) leading to a 
reduced statistical power may possibly have omitted significant findings between 
variables and thus limit the strength of findings.  
 
The results of the present studies might also have been influenced by the so called 
healthy worker effect, which is a negative bias that is caused by the reduction of 
mortality or morbidity of occupational cohorts when compared with the general 
population (Kirkeleit et al. 2013). The existence of such a bias would lead to an 
underestimation of the occurrence of symptoms in workplace studies.  
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Chapter 9. Conclusions 
In the industrial studies, cognitive demands, including attention demand, were high 
and predicted MSDs. Psychosocial stressors such as job control and social isolation 
were related to an increased reporting of some MSDs. It can be concluded that 
relationships between psychosocial stressors and MSDs prevail in modern 
automated environments, and the use of specific mental states to identify the 
precise route of these associations contributes to research in this area. 
 
Attention tasks and monitoring work were found to pose high levels of cognitive 
demand and were found to be stressful which corroborates the findings of recent 
attention-resource theorists. 
 
The results of the experimental studies enhance the comprehension of 
psychophysiological mechanisms between psychosocial risks and musculoskeletal 
disorders. The theory linking job stress to musculoskeletal disorders through 
hyperventilation can be clarified on the basis that hyperventilation interacts with 
mental stress, and this interaction increases muscle activity. In addition, the effect of 
mental stress on muscle activity was found to be significantly mediated by the 
parasympathetic nervous system. The thesis findings illustrate that if chronic 
hyperventilation and inhibition of the parasympathetic nervous system are reduced 
(e.g. by improved respiration), muscle activity can also be reduced, thus preventing 
its contribution to MSDs.  
 
The thesis findings give prominence to the chronic effects of prolonged monitoring 
work. When psychological demands are chronic, the body will respond with a 
persistently high level of activation (McEwen 2000). This increased activation leads 
to wear and tear on the body’s organs, increased immunosuppression and 
inflammation.  Chronic stress therefore plays an important role in the onset and 
progression of a wide range of diseases including musculoskeletal disorders (Hartzell 
et al. 2017).  
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Psychosocial stressors at work and the relation to musculoskeletal disorders remain 
a major challenge to occupational health. However, our ability to analyse and 
understand the interaction between them continues to improve. The continued 
empirical testing of hypothesized process models in this area will help to identify 
links between stressors and musculoskeletal disorders that can be empirically 
confirmed. 
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University of Limerick ‘Industrial Automation Survey’ 
Industrial Questionnaire for Studies 1 & 2 
 General Survey Information 
Reponses to the following questionnaire are to be used as part of a research study 
which is looking at the impact of highly automated processes on musculoskeletal 
disorders in Irish manufacturing industries. The questionnaire is made up of four 
separate sections (A-D) and answering styles vary throughout. It should take 
approximately 10 minutes to complete. Names are not required on the 
questionnaires as they are strictly anonymous.  
 
Participant Information 
Each participant in this research study has a right not to answer the questions posed 
and to withdraw from the study at any time if they have concerns about 
participating in the research. For further information, the contact details of the 
researcher are as follows: 
 
Researcher: 
Fiona Wixted  
Department of Design and Manufacturing Technology 
Faculty of Science and Engineering 
University of Limerick 
Fiona.wixted@ul.ie 
 
Project Leader: 
Dr. Leonard O’ Sullivan 
Leonard.osullivan@ul.ie 
 
Chair of Science and Engineering Research Ethics Committee: 
Dr. Thomas Waldmann 
Phone: +353-(0)61-202802 
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Participant Consent Form 
 
I, the undersigned, declare that I am willing to take part in research for the project 
entitled “Industrial Automation Study”.   
• I declare that I have been fully briefed on the nature of this study and my role 
in it and have been given the opportunity to ask questions before agreeing to 
participate.  
• The nature of my participation has been explained to me and I have full 
knowledge of how the information collected will be used. 
• I fully understand that there is no obligation on me to participate in this study 
• I fully understand that I am free to withdraw my participation at any time 
without having to explain or give a reason 
• I am also entitled to full confidentiality in terms of my participation and 
personal details 
 
Signature of participant__________________________  Date  
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Personal Details 
Gender Male 
 
Female 
 
Age  
21-30  
 
 
31-40  
 
41-50  51-60  61+  
Are you right or left 
handed? 
Left handed 
 
Right handed 
 
Both 
 
On average, how many 
hours a week do you 
work? 
 
<35 
 
 
35-40 
 
 
>40 
 
On average, what 
proportion of your work 
shift is spent:  
Monitoring an automated process using a computer? 
0-20% 
 
21-40% 
 
41-60% 
 
61-80% 
 
81-100% 
 
On average, what 
proportion of your work 
shift is spent doing 
physical 
(lifting/pulling/pushing) 
work tasks?  
0-20% 
 
21-40%
 
41-60%
 
61-80%
 
81-100%
 
 
 
Section A: Nordic Musculoskeletal Questionnaire 
In this section, you are required to indicate which location in the body you have had aches, pains, discomfort or numbness in either the 
last 12 months or 1 month by placing a tick √ in the appropriate box. 
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Have you at any time during the past 12 months had any trouble such 
as ache, pain, discomfort, numbness in: 
TO BE ANSWERED IF YOU TICKED YES TO ANY QUESTION IN PREVIOUS 
SECTION 
Have you at any time in the past 12 months been prevented from doing 
your normal work due to this ache, pain discomfort, numbness in: 
1. Neck 
 
2. Shoulders 
 
1. Neck 2. Shoulders 
Yes  No  Yes  No  Yes  No  Yes  No  
3. Elbows 4. Wrists/hands 
 
3. Elbows 4. Wrists/hands 
Yes  No  Yes  No  Yes  No  Yes  No  
5. Upper Back 6. Lower Back 
 
5. Upper Back 6. Lower Back 
Yes  No  Yes  No  Yes  No  Yes  No  
7. One or both 
hips/thighs/buttocks 
8. One or both knees 7. One or both 
hips/thighs/buttocks 
8. One or both knees 
Yes  No  Yes  No  Yes  No  Yes  No  
9. One or both ankles/feet  9. One or both ankles/feet  
Yes  No  Yes  No  
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Sections of the Copenhagen Psychosocial Questionnaire 
Please answer by placing a circle around your chosen answer: 
 Cognitive Demand      
1. Do you have to keep your eyes on lots of things while you work? Always Often Sometimes Seldom Never/hardly ever 
2. Does your work require that you remember a lot of things? Always Often Sometimes Seldom Never/hardly ever 
3. Does your work demand that you are coming up with new ideas? Always Often Sometimes Seldom Never/hardly ever 
4. Does your work require you to make difficult decisions? Always Often Sometimes Seldom Never/hardly ever 
5. Do other people make decisions concerning your work? Always Often Sometimes Seldom Never/hardly ever 
 Job Control      
6. Do you have a large degree of influence concerning your work? Always Often Sometimes Seldom Never/hardly ever 
7. Can you influence how quickly you work  Always Often Sometimes Seldom Never/hardly ever 
8. Do you have a say in choosing who you work with? Always Often Sometimes Seldom Never/hardly ever 
9. Can you influence the amount of work assigned to you? Always Often Sometimes Seldom Never/hardly ever 
10 Do you have any influence on when you work? Always Often Sometimes Seldom Never/hardly ever 
11. Do you have any influence on HOW you do your work? Always Often Sometimes Seldom Never/hardly ever 
12. Do you have any influence on WHAT you do at work? Always Often Sometimes Seldom Never/hardly ever 
13. Do you have any influence on your work environment? Always Often Sometimes Seldom Never/hardly ever 
14. Can you influence the quality of your work? Always Often Sometimes Seldom Never/hardly ever 
 Task Variety      
15. Is your work varied? Always Often Sometimes Seldom Never/hardly ever 
16. Do you have to do the same thing over and over again? Always Often Sometimes Seldom Never/hardly ever 
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 Social Isolation      
17. Do you work isolated from your colleagues? Always Often Sometimes Seldom Never/hardly ever 
18. Is it possible for you to talk to your colleagues while you are 
working? 
Always Often Sometimes Seldom Never/hardly ever 
19. Are you part of a group in your work? Always Often Sometimes Seldom Never/hardly ever 
20. How many in your place of work can you talk to about something 
personal? 
No. of persons                        ? 
 
 Skill Discretion      
21. Do you have the possibility of learning new things through your 
work? 
To a very large 
extent 
To a large 
extent 
Somewhat To a small 
extent 
To a very small 
extent 
22. Does your work require you to take the initiative? To a very large 
extent 
To a large 
extent 
Somewhat To a small 
extent 
To a very small 
extent 
23. Can you use your skills or expertise in your work? To a very large 
extent 
To a large 
extent 
Somewhat To a small 
extent 
To a very small 
extent 
24. Does your work give you the opportunity to develop your skills? To a very large 
extent 
To a large 
extent 
Somewhat To a small 
extent 
To a very small 
extent 
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Situational Awareness Rating Questionnaire 
 
The following questions should be answered in relation to the work carried out when 
monitoring an automated process via a computer. The “situation” is referring to the 
automated production process.  
To answer the question, place a ring around a number from 1-7 below with 1 being low 
and 7 being high. 
 
How changeable is the situation? Is the situation highly unstable and likely to change 
suddenly (high) or is it very stable and straightforward? 
 
How complicated is the situation – is it complex with many interrelated components 
(high) or it is simple and straightforward (low)? 
 
How many variables (e.g. temperature, are changing in the situation? Is there a 
number of factors varying (high) or are there very few variables changing (low)? 
 
How aroused are you in the work situation? Are you alert and ready for activity 
(high) or do you have a low degree of alertness (low)? 
 
How much are you concentrating on the situation? Does it require your full attention 
(high) or is your attention elsewhere (low)? 
 
How much is your attention divided in the situation? Are you concentrating on many 
aspects of the situation (high) or focused on only one aspect (low)? 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
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How much mental capacity do you have to spare in the situation? Do you have 
sufficient capacity to attend to many variables (high) or nothing to spare at all (low)? 
 
How much information have you gained about the situation? Have you received and 
understood a great deal of knowledge (high) or very little (low)? 
 
How good is the information you have gained about the situation? Is the knowledge 
communicated very useful (high) or of little use (low)? 
 
How familiar are you with the situation? Do you have a great deal of relevant 
experience (high) or is it a new situation (low)? 
 
Does the system let you know if your requests have been received, if the actions are 
being performed properly/problems are occurring (high) or no information received 
(low)? 
 
 
 
 
 
 
 
 
 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
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Short State Stress Questionnaire 
 
Please indicate how well each word describes how you felt During the Work Tasks by placing a ring around a 
number from 1 to 5. 
Not at all = 1, A little bit = 2, Somewhat = 3, Very Much = 4, Extremely =5 
1. Dissatisfied 1 2 3 4 5 
2. Alert 1 2 3 4 5 
3. Depressed 1 2 3 4 5 
4.  Sad 1 2 3 4 5 
5. Active 1 2 3 4 5 
6. Impatient 1 2 3 4 5 
7. Annoyed 1 2 3 4 5 
8. Angry 1 2 3 4 5 
9. Irritated 1 2 3 4 5 
10. Grouchy 1 2 3 4 5 
Please indicate how true each statement is of your thoughts While Performing The Work Tasks 
Not at all = 1, A little bit = 2, Somewhat = 3, Very Much = 4, Extremely =5 
11. I am committed to attaining my 
performance goals 
1 2 3 4 5 
12. I want to succeed on the task 1 2 3 4 5 
13. I am motivated to do the task 1 2 3 4 5 
14. I’m trying to figure myself out 1 2 3 4 5 
15. I’m reflecting about myself 1 2 3 4 5 
16. I’m daydreaming about myself 1 2 3 4 5 
17. I feel confident about my abilities 1 2 3 4 5 
18. I feel self-conscious 1 2 3 4 5 
19. I am worried about what other people 
think of me 
1 2 3 4 5 
20. I feel concerned about the impression 
I’m making 
1 2 3 4 5 
21. I expect to perform proficiently on this 
task 
1 2 3 4 5 
22. Generally, I feel in control of things 1 2 3 4 5 
23. I thought about how others have done 
on this task 
1 2 3 4 5 
24. I thought about I would feel if I were 
told how I performed 
1 2 3 4 5 
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Participant Information & Questionnaire for Study 3 
Experiment Title: The moderating role of end-tidal CO2 on upper trapezius muscle 
activity in response to sustained attention 
 
Introduction to Experiment.  
This experiment is being conducted as part of a project which is looking at the links 
between human-automation interaction psychosocial stressors and musculoskeletal 
disorders. This project is being funded by a European project called Robo-Mate which 
is researching the potential of using exoskeletons as manual handling aids in the 
workplace.  
The experiment is focusing on the sustained attention levels which are required by 
operators who supervise automated systems for long periods of time. Sustained 
attention or vigilance is a known stressor and the aim of this experiment is to 
determine if different levels of sustained attention have an impact on physiological 
measures of stress such as heart rate, skin temperature and end of breath CO2 levels 
along with a parallel impact on muscular tension.  
Each participant will be briefed on each part of the experiment as it is being 
conducted. Each participant in this research study has a right not to answer the 
questions posed and to withdraw from the study at any time if they have concerns 
about participating in the research. For further information, the contact details of the 
researcher are as follows: 
 
Researcher: 
Fiona Wixted  
Department of Design and Manufacturing Technology 
Faculty of Science and Engineering 
University of Limerick 
Fiona.wixted@ul.ie 
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Project Leader: 
Dr. Leonard O’ Sullivan 
Leonard.osullivan@ul.ie 
 
Chair of Science and Engineering Research Ethics Committee: 
Dr. Thomas Waldmann 
Phone: +353-(0)61-202802 
 
Participant Consent Form 
 
I, the undersigned, declare that I am willing to take part in research experiment for the 
project entitled “Musculoskeletal Health Effects of Human-Automation Interaction”.   
• I declare that I have been fully briefed on the nature of this study and my role 
in it and have been given the opportunity to ask questions before agreeing to 
participate.  
• The nature of my participation has been explained to me and I have full 
knowledge of how the information collected will be used. 
• I fully understand that there is no obligation on me to participate in this study 
• I fully understand that I am free to withdraw my participation at any time 
without having to explain or give a reason 
• I am also entitled to full confidentiality in terms of my participation and 
personal details 
 
Signature of participant__________________________  Date  
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Participant Experimental Protocol 
 
Experiment Title: The impact of sustained attention on levels of end-tidal CO2 and 
muscular tension in the upper trapezius muscle. 
Participant requirements: The participants of this experiment should be >18 years old. 
They should be non-smokers with no current musculoskeletal or cardiovascular 
problems. All should have normal or corrected to normal vision. They are asked to 
come to the experiment with no lotion or make up on the shoulders or back. 
Participants should wear a vest top which will allow electrodes to be placed on the 
upper trapezius muscle.  
 
Pre-experiment.  
The participants are required to complete the Edinburgh handedness inventory, 
participation background information and consent form prior to commencing the 
experiment.  
 
Experimental Requirements: 
Electromyography 
The participants will firstly be set up for the electromyography test. This will involve 
placing bipolar electrodes on upper trapezius (descendus) muscle. The subject will be 
asked to sit down and two AG/AgCl electrodes will be placed on both shoulders in the 
middle of the imaginary line between the acromion and vertebra C7 as described in 
the recommendations from SENIAM. Interelectrode distance is 25 mm and a reference 
electrode is placed on the spinous process of C7. The EMG electrodes are connected to 
two wireless sensor nodes, one for signals from the left shoulder and one for the right 
shoulder. Some minimal skin preparation may be required if the skin is dry, oily or has 
makeup applied. The participant will sit relaxed wearing the electrodes for 10 minutes 
prior to the experiment start.  
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Skin Temperature 
This will be measured using a skin temperature sensor. During times of stress, the 
hand temperature of most people will decrease due to changes in blood flow. The 
hand sensor is connected to a finger on the non-dominant hand.  
 
Heart Rate Variability 
This will be measured using a blood volume pulse sensor by placing a sensor on the 
index finger of the non-dominant hand. The subjects hand should be kept still as this 
sensor is very sensitive.  
 
Hyperventilation 
Hyperventilation or a reduction in the end-tidal CO2 concentration of expired air will 
also be measured. For this, the subject will be asked to wear a face mask which is 
connected to respiratory measurement apparatus known as K4B2 and then the subject 
is required to breathe normally for the length of the experiment.  
 
Sustained Attention Task 
When the subject is set up with the EMG and hyperventilation sensors, they will be 
asked to carry out three attention tasks. At the end of each test, they will be asked to 
relax with all physiological sensors left in place for a further 12 minutes. 
 
Post Experiment 
At the end of the experiment, the subject will be asked to complete the NASA-TLX. 
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Participant Background Information  
 
 
 
 
 
 
Gender  
 
Male  Female  
Age 
 
 
Nationality 
 
 
Height (cm) 
 
 
Weight (kg) 
 
 
Do you smoke? 
 
Yes  No  
Do you suffer from 
cardiovascular disease 
(heart trouble, palpitations, 
shortness of breath with 
walking or lying flat)? 
Yes  No  
Do you regularly suffer 
from upper body 
musculoskeletal symptoms 
(joint or muscle stiffness, 
numbness, pain or 
swelling)? 
Yes  No  
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Edinburgh Handedness Inventory 
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Short State Stress Questionnaire – Pre-experiment: Please indicate how well each word describes how you feel At The 
Moment by placing a ring around a number from 1 to 5. 
Not at all = 1, A little bit = 2, Somewhat = 3, Very Much = 4, Extremely =5 
1. Dissatisfied 1 2 3 4 5 
2. Alert 1 2 3 4 5 
3. Depressed 1 2 3 4 5 
4.  Sad 1 2 3 4 5 
5. Active 1 2 3 4 5 
6. Impatient 1 2 3 4 5 
7. Annoyed 1 2 3 4 5 
8. Angry 1 2 3 4 5 
9. Irritated 1 2 3 4 5 
10. Grouchy 1 2 3 4 5 
Please indicate how true each statement is of your thoughts During the Past Ten Minutes 
Not at all = 1, A little bit = 2, Somewhat = 3, Very Much = 4, Extremely =5 
11. I am committed to attaining my performance goals 1 2 3 4 5 
12. I want to succeed on the task 1 2 3 4 5 
13. I am motivated to do the task 1 2 3 4 5 
14. I’m trying to figure myself out 1 2 3 4 5 
15. I’m reflecting about myself 1 2 3 4 5 
16. I’m daydreaming about myself 1 2 3 4 5 
17. I feel confident about my abilities 1 2 3 4 5 
18. I feel self-conscious 1 2 3 4 5 
19. I am worried about what other people think of me 1 2 3 4 5 
20. I feel concerned about the impression I’m making 1 2 3 4 5 
21. I expect to perform proficiently on this task 1 2 3 4 5 
22. Generally, I feel in control of things 1 2 3 4 5 
23. I thought about how others have done on this task 1 2 3 4 5 
24. I thought about I would feel if I were told how I 
performed 
1 2 3 4 5 
Short State Stress Questionnaire: Post experiment. Please indicate how well each word describes how you felt During the 
Attention Task by placing a ring around a number from 1 to 5. 
Not at all = 1, A little bit = 2, Somewhat = 3, Very Much = 4, Extremely =5 
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25. Dissatisfied 1 2 3 4 5 
26. Alert 1 2 3 4 5 
27. Depressed 1 2 3 4 5 
28.  Sad 1 2 3 4 5 
29. Active 1 2 3 4 5 
30. Impatient 1 2 3 4 5 
31. Annoyed 1 2 3 4 5 
32. Angry 1 2 3 4 5 
33. Irritated 1 2 3 4 5 
34. Grouchy 1 2 3 4 5 
Please indicate how true each statement is of your thoughts While Performing The Work Tasks 
Not at all = 1, A little bit = 2, Somewhat = 3, Very Much = 4, Extremely =5 
35. I am committed to attaining my performance goals 1 2 3 4 5 
36. I want to succeed on the task 1 2 3 4 5 
37. I am motivated to do the task 1 2 3 4 5 
38. I’m trying to figure myself out 1 2 3 4 5 
39. I’m reflecting about myself 1 2 3 4 5 
40. I’m daydreaming about myself 1 2 3 4 5 
41. I feel confident about my abilities 1 2 3 4 5 
42. I feel self-conscious 1 2 3 4 5 
43. I am worried about what other people think of me 1 2 3 4 5 
44. I feel concerned about the impression I’m making 1 2 3 4 5 
45. I expect to perform proficiently on this task 1 2 3 4 5 
46. Generally, I feel in control of things 1 2 3 4 5 
47. I thought about how others have done on this task 1 2 3 4 5 
48. I thought about I would feel if I were told how I 
performed 
1 2 3 4 5 
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Study 4: Participant Information and Questionnaire 
Experiment Title: Effect of attention demand on upper trapezius muscle activity – a 
moderated mediation model. 
Participant Information 
Introduction to Experiment 
This experiment is being undertaken for a PhD thesis which is investigating links 
between psychosocial stressors and musculoskeletal disorders within highly 
automated manufacturing. Each participant will be briefed on each part of the 
experiment as it is being conducted. Each participant in this research study has a right 
not to answer the questions posed and to withdraw from the study at any time if they 
have concerns about participating in the research. For further information, the contact 
details of the researcher are as follows: 
 
Researcher: 
Fiona Wixted  
Department of Design and Manufacturing Technology 
Faculty of Science and Engineering 
University of Limerick 
Fiona.wixted@ul.ie 
 
Project Leader: 
Dr. Leonard O’ Sullivan 
Leonard.osullivan@ul.ie 
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Chair of Science and Engineering Research Ethics Committee: 
Dr. Thomas Waldmann 
Phone: +353-(0)61-202802 
 
Participant Consent Form 
 
I, the undersigned, declare that I am willing to take part in research experiment for the 
project entitled “Musculoskeletal Health Effects of Human-Automation Interaction”.   
• I declare that I have been fully briefed on the nature of this study and my role 
in it and have been given the opportunity to ask questions before agreeing to 
participate.  
• The nature of my participation has been explained to me and I have full 
knowledge of how the information collected will be used. 
• I fully understand that there is no obligation on me to participate in this study 
• I fully understand that I am free to withdraw my participation at any time 
without having to explain or give a reason 
• I am also entitled to full confidentiality in terms of my participation and 
personal details 
 
Signature of participant__________________________  Date  
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Participant requirements: The participants for this experiment should be >18 years 
old. They should be non-smokers with no current musculoskeletal or cardiovascular 
problems. All should have normal or corrected to normal vision. They are asked to 
come to the experiment with no lotion or make up on the shoulders or back. 
Participants should wear a vest top which will allow electrodes to be placed on the 
upper trapezius muscle.  
Pre-experiment 
The participants are required to complete the Edinburgh handedness inventory and a 
participant background information and consent form prior to commencing the 
experiment.  
Experimental Requirements: 
Electromyography 
The participants will firstly be set up for the electromyography test. This will involve 
placing bipolar electrodes on upper trapezius (descendus) muscle. The subject will be 
asked to sit down and two AG/AgCl electrodes will be placed on both shoulders in the 
middle of the imaginary line between the acromion and vertebra C7 as described in 
the recommendations from SENIAM. Interelectrode distance is 25 mm and a reference 
electrode is placed on the spinous process of C7. The EMG electrodes are connected to 
two wireless sensor nodes, one for signals from the left shoulder and one for the right 
shoulder. Some minimal skin preparation may be required if the skin is dry, oily or has 
makeup applied. The participant will sit relaxed wearing the electrodes for 10 minutes 
prior to the experiment start.  EMG electrodes will also be placed on the frontalis 
muscle on the forehead. 
EMG Reference Contraction 
A reference contraction is to be carried out by the subject for normalization of the 
EMG signal afterwards. The subject will be instructed to raise his/her arms while 
looking straight ahead. The arms should be abducted 90° in the frontal plane, with the 
arms fully extended, wrists straight and palms down. The arms are held horizontally 
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aside. This position is held for 20 seconds until the subject is instructed to bring down 
his/her arms. 
Skin Temperature 
This will be measured using a skin temperature sensor. During times of stress, the 
hand temperature of most people will decrease due to changes in blood flow. The 
hand sensor is connected to a finger on the non-dominant hand.  
Heart Rate Variability 
This will be measured using a blood volume pulse sensor by placing a sensor on the 
index finger of the non-dominant hand. The subjects hand should be kept still as this 
sensor is very sensitive.  
End-tidal CO2 
The end-tidal CO2 concentration of expired air will also be measured. For this, the 
subject will be asked to wear a face mask which is connected to respiratory 
measurement apparatus known as K4B2 and then the subject is required to breathe 
normally for the length of the experiment. 
When the subject is set up with the physiological measurement sensors, they will be 
asked to carry out the four tasks described below. 
A questionnaire including the Sustained Attention to Response Test will be completed 
after each task. 
Simulation 1: Breadmaking 
This simulation represents an industrial process for baking bread.  The model consists 
of three main pages, which are the mixer, the prover and the oven. The mixing page 
contains the equipment to produce dough ready for the prover. The prover runs at a 
temperature higher than room temperature to allow the bread to rise. The oven then 
cooks the risen dough to create the final loaf.  
The aim of this task is to create a quality loaf of bread within 20 minutes by following 
the instructions below. 
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To begin the challenge open the model and click on start assignment.  Please keep 
your attention on the process at all times. 
1. Click on the prover tab and set the prover to a temperature of 25oC. A red light 
will come on showing that the prover is heating up. 
2. Click on the baking tab and turn the oven on to Gas mark (Set point) 8.  
3. Click on the mixing tab 
4. Insert the quantities of each ingredient into the box below/beside each mixing 
tap. 
The quantities of ingredients are: 
Component Mass 
Flour 696g 
Water 468g 
Salt 24g 
Yeast 12g 
  
5. Open the tap for each ingredient so that the correct quantities are dispensed 
into the mixer one at a time. 
6. Turn on mixer and allow it to run. 
7. When the dough looks like its coming together (thickens), allow it to mix for 
one more minute. 
8. Turn off mixer. 
9. Click ‘Transfer dough to prover’ button. 
10. Watch the dough as it proves until it will no longer rise (max 8 minutes). 
11. When the dough has proved, transfer it to the oven for baking. 
12. The dough will darken in colour as it cooks. Click on ‘Finish Cooking’ when you 
think that the crust colour is brown enough without letting it burn (max 4 
minutes). 
13. Inform experimenter to say that you are finished. 
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Simulation 2:  Bath Time 
The model is represented in the same way as an industrial process and uses the same 
form of Control System that would find on a real plant. 
Indicators show the values of levels, temperatures and tap (valve) openings (OP).  
The drain plug is represented by a valve – clicking on the symbol will allow you to open 
or close the drain. The small black point next to the drain valve shows the composition 
of the bath contents. 
The Hot and Cold Water taps may be adjusted through pop-up faceplates. You can 
decide how much you want to open the pipe valves e.g.  Cold Water OP 20% 
The Bubble bath is controlled though a faceplate that appears when you click on the 
pump symbol. The Cold tank automatically fills itself through a level controlled ‘ball 
cock’ but you could run out of hot water and the model needs to be restarted if this 
occurs.  
After making a change allow for conditions to settle. 
Click on the Trends buttons to see how you are doing. 
If an alarm goes off, the alarm panel button will tell you why the alarm occurred and 
you then have to restart the model. 
The challenge is to fill the bathtub to between 29% and 31% full; at a final temperature 
of between 34.5oC and 35.5oC, with a concentration of bubble bath between 0.95% 
and 1.05% - without generating any alarms or running out of hot water, all within a 
maximum of 15 minutes. The temperature should be maintained between 16oC and 
59°C to prevent an alarm being triggered.  
You may start again or drain some liquid through the ‘plug hole’ as many times as you 
wish. After making a change to the system, allow some time for the change to take 
effect.  
You should start by dispensing in some soap by clicking on the pump. 
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Take a few minutes to familiarise yourself with the scenario. 
Please inform the experimenter if you have successfully completed the task. 
 
Simulation 3: Gas Separator 
The Gas Separator Model looks at two-phase separation and process control based on 
a simple industrial situation. The model consists of a hydrocarbon feed fluid which 
passes through a heat exchanger and into a gas separator where the fluid is separated 
into a gas and liquid. The heat exchanger is used to adjust the temperature in V_102 by 
controlling the temperature of the inlet fluid. The pressure in V_102 is controlled by 
varying the flow of gas leaving the vessel. The level in V_102 is controlled by a control 
valve on the liquid outlet. 
In a gas separator, the feed fluid splits into two phases, a liquid phase and a gas phase 
as a result of the difference in boiling points of the components that makes up the 
feed. Light components such as Methane will be almost entirely in the gas phase, 
which components such as N-Decane will be almost entirely in the liquid phase. 
The gas and liquid compositions leaving the separator are highly dependent on 
conditions in the separator. At high temperatures or low pressures a greater 
proportion of heavies will be in the gas phase, and at low temperatures or high 
pressures a greater proportion of lights will be in the liquid phase. The outlet 
conditions can be adjusted to desired compositions by selecting the appropriate 
temperature and pressure.  
This model is represented in the same way as an industrial process and the used the 
same form of Distributed Control System that you would find on a real plant.  
You can navigate to the results page by clicking ‘Results’ on the left, and back to the 
Gas Separator by clicking ‘ Gas Separator’.  
To start: click on HCV_101_01 (Inlet feed valve) to open its faceplate and set the valve 
position to 50% by inputting 50 after HCV_101_01 SP. 
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The challenge in this task is to achieve the gas flow rate and the gas composition 
results as outlined in Table 2 by adjusting the temperature on the Gas separator vessel 
temperature (TIC_102_01) to a level between 20 and 45 °C and the level of the 
pressure controller (PIC_102_04) to a level between 2 and 6 barg. The level of the gas 
separator vessel level controller should be set between 40 and 60%.  
 
Each time you change the value of a parameter, you will need to watch out for trends.  
Does the gas flow rate increase/decrease or do the gas and liquid concentrations 
increase/decrease. You have 15 minutes to complete the task. 
Target Gas Flow Rate 319.56kg/h (FI_102_05) 
Target Composition  
Methane 28.320 mol% 
Ethane 27.232 mol% 
Propane 15.982 mol% 
2-Methylbutane 10.716 mol% 
N-Butane 16.998 mol% 
n-Octane 0.642 mol% 
n-Decane 0.111 mol% 
 
 
When you are happy with the composition of the gas flow rate, click the done button 
to stop the timer and inform the experimenter that you have finished. 
Take a few minutes to familiarise yourself with the scenario. 
 
Simulation 4: Binary Column 
Distillation is the separation of two or more components with different boiling points. 
A fluid containing two or more components   can be separated by heating the liquid 
until it just boils. The component with the lowest boiling (the lighter fluid) is boiling off 
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as a gas leaving the other component behind as a liquid (the heavier fluid). The classic 
example is alcohol and water where the boiling point  of alcohol is much lower than 
water so it can be boiled off then condensed to give a liquid with a much higher 
alcohol content than the source liquid. To give higher purity liquids, this process can 
take place in a distillation column. The feed to a distillation tower is heated so that 
when the liquid enters the column, it flashes and the gas flows up the column and the 
liquid flows down the column. 
At the top of the column all the gas is condensed by an external condenser (X_102) 
and then stored in a ‘reflux drum’ or accumulator vessel (V_103).  This liquid is then 
pumped out of the system (via P_103) as top product while a proportion is re-injected 
into the column as a liquid. The gas temperature in the accumulator is controlled by 
manipulating the flow of cooling water (TIC_102_02). Should the pressure of the 
accumulator and therefore the top of the column become too high, gas is vented 
through an over pressure control valve (PIC_103_05). 
At the bottom of the column a proportion of the liquid is taken off as the bottom 
product while the remainder flows in to a re-boiler (X_104) where it is heated and 
turned back into gas before re-injection in the column.  The level in the re-boiler is 
controlled by manipulating the bottom product off –take (LIC_104_02). The re-boiler 
temperature is controlled by regulating the flow of hot oil (TIC_104-07). 
Given an input feed rate of 300 kg/h (FIC_101_02), optimise the parameters below to 
give an equal volume of top product output flow (FIC_103_04) and bottom product 
flow.  Reboiler pressure (PI_104_08) should stay between 0.085 and 0.585 barg. 
 Reboiler level (LIC_104_02) should stay within the 30-65% range. 
 Reboiler temperature (TIC_104_07) should stay within the 100-125°C range. 
 Accumulator pressure (PIC_103_05) should stay within the 0.035 barg - 0.387 
barg range. 
 Accumulator level (LIC_103_02) should stay with the 15% – 65% range. 
 Condenser out temperature (TIC_102_02) should stay within the 50– 85°C 
 The reflux ratio (FY -103_02) should stay between 3 and 6. 
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A yellow alarm is triggered if these ranges are exceeded. Click on the tickbox next to 
the yellow warning to stop it sounding. A red alarm is triggered when these ranges are 
significantly exceeded and the operation must be restarted by the experimenter in this 
event.   
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Participant Background Information 
 
 
 
 
 
 
 
 
 
 
 
Gender  
 
Male  Female  
Age 
 
 
Nationality 
 
 
Height (cm) 
 
 
Weight (kg) 
 
 
Do you smoke? 
 
Yes  No  
Do you suffer from 
cardiovascular disease 
(heart trouble, palpitations, 
shortness of breath with 
walking or lying flat)? 
Yes  No  
Do you regularly suffer 
from upper body 
musculoskeletal symptoms 
(joint or muscle stiffness, 
numbness, pain or 
swelling)? 
Yes  No  
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Consent Section: 
 
I, the undersigned, declare that I am willing to take part in research for the project 
entitled “Musculoskeletal Health Effects of Human-Automation Interaction’’   
 
• I declare that I have been fully briefed on the nature of this study and my role 
in it and have been given the opportunity to ask questions before agreeing to 
participate.  
• The nature of my participation has been explained to me and I have full 
knowledge of how the information collected will be used. 
• I fully understand that there is no obligation on me to participate in this study 
• I fully understand that I am free to withdraw my participation at any time 
without having to explain or give a reason 
• I am also entitled to full confidentiality in terms of my participation and 
personal details 
 
 
______________________________________          
Signature of participant                                               Date 
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Edinburgh Handedness Inventory 
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NAME:       TEST: 
 
Situational Awareness Rating Technique 
The following questions should be answered in relation to the work carried out when 
monitoring an automated process via a computer. Variables are referring to the 
number of production items/things that you need to watch e.g. productivity, yield, 
time, temperature, pressure, flow rate, downtime, alarms, and faults. 
To answer the question, place a ring around a number from 1-7 below with 1 being low 
and 7 being high. 
 
How changeable is the production process being monitored? Is it highly unstable and 
likely to change suddenly (high) or is it very stable and straightforward (low)? 
 
How complicated is the production process you are monitoring – is it complex with 
many interrelated components (high) or it is simple and straightforward (low)? 
 
How many variables (e.g. temperature, alarms, yield) are changing in the process? Is 
there a number of factors varying (high) or are there very few variables changing 
(low)? 
 
How alert are you in the work situation? Are you alert and ready for activity (high) or 
do you have a low degree of alertness (low)? 
 
How much do you concentrate on monitoring the process? Does it require your full 
attention (high) or is your attention elsewhere (low)? 
 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
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How much is your attention divided in monitoring the process? Are you 
concentrating on many aspects of the process (high) or focused on only one aspect 
(low)? 
 
How much mental capacity do you have to spare when monitoring the process? Do 
you have enough capacity to give your attention to many variables (high) or nothing 
to spare at all (low)? 
 
How much information have you gained about the production process you are 
monitoring? Have you received and understood a great deal of knowledge (high) or 
very little (low)? 
 
How good is the information you have gained about the process you are monitoring? 
Is the knowledge communicated very useful (high) or of little use (low)? 
 
How familiar are you with the tasks? Have you a great deal of experience with this 
situation/task(high) or is it a new situation (low)? 
 
Does the system let you know if your requests have been received (feedback), if the 
actions are being performed properly/problems are occurring (high) or no 
information received (low)? 
 
 
 
 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
1 2 3 4 5 6 7
Low High 
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Study 5 Participant Data and Questionnaire 
Experiment Title: Inhibiting the physiological stress effects of sustained attention on 
shoulder muscle activity 
 
Introduction to Experiment  
This experiment is being conducted as part of a project which is looking at the links 
between human-automation interaction psychosocial stressors and musculoskeletal 
disorders. The experiment is focusing on the sustained attention levels which are 
required by operators who supervise automated systems for long periods of time. In 
this experiment, participants will complete a breathing intervention between two 
attention tasks to determine if improved breathing could reduce hyperventilation and 
muscle activity. Each participant will be briefed on each part of the experiment as it is 
being conducted. Each participant in this research study has a right not to answer the 
questions posed and to withdraw from the study at any time if they have concerns 
about participating in the research. For further information, the contact details of the 
researcher are as follows: 
 
Researcher: 
Fiona Wixted  
Department of Design and Manufacturing Technology 
Faculty of Science and Engineering 
University of Limerick 
Fiona.wixted@ul.ie 
 
Project Leader: 
Dr. Leonard O’ Sullivan 
Leonard.osullivan@ul.ie 
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Chair of Science and Engineering Research Ethics Committee: 
Dr. Thomas Waldmann 
Phone: +353-(0)61-202802 
 
Participant Consent Form 
 
I, the undersigned, declare that I am willing to take part in research experiment for the 
project entitled “Musculoskeletal Health Effects of Human-Automation Interaction”.   
• I declare that I have been fully briefed on the nature of this study and my role 
in it and have been given the opportunity to ask questions before agreeing to 
participate.  
• The nature of my participation has been explained to me and I have full 
knowledge of how the information collected will be used. 
• I fully understand that there is no obligation on me to participate in this study 
• I fully understand that I am free to withdraw my participation at any time 
without having to explain or give a reason 
• I am also entitled to full confidentiality in terms of my participation and 
personal details 
 
Signature of participant__________________________  Date  
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Participant Experimental Protocol 
Participant requirements: The participants of this experiment should be >18 years old. 
They should be non-smokers with no current musculoskeletal or cardiovascular 
problems. All should have normal or corrected to normal vision. They are asked to 
come to the experiment with no lotion or make up on the shoulders or back. 
Participants should wear a vest top which will allow electrodes to be placed on the 
upper trapezius muscle.  
Pre-experiment.  
The participants are required to complete the Edinburgh handedness inventory, the 
short stress state questionnaire and a participation background information and 
consent form prior to commencing the experiment.  
Experimental Requirements: 
Electromyography 
The participants will firstly be set up for the electromyography test. This will involve 
placing bipolar electrodes on upper trapezius (descendus) muscle. The subject will be 
asked to sit down and two AG/AgCl electrodes will be placed on both shoulders in the 
middle of the imaginary line between the acromion and vertebra C7 as described in 
the recommendations from SENIAM. Interelectrode distance is 25 mm and a reference 
electrode is placed on the spinous process of C7. The EMG electrodes are connected to 
two wireless sensor nodes, one for signals from the left shoulder and one for the right 
shoulder. Some minimal skin preparation may be required if the skin is dry, oily or has 
makeup applied. The participant will sit relaxed wearing the electrodes for 10 minutes 
prior to the experiment start.  
Heart Rate Variability 
This will be measured using a blood volume pulse sensor by placing a sensor on the 
index finger of the non-dominant hand. The subjects hand should be kept still as this 
sensor is very sensitive.  
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End-tidal CO2 
A reduction in the end-tidal CO2 concentration of expired air will also be measured. For 
this, the subject will be asked to wear a face mask which is connected to respiratory 
measurement apparatus known as K4B2 and then the subject is required to breathe 
normally for the length of the experiment.  
 
Sustained Attention Task 
When the subject is set up with the sensors, they will be asked to carry out a sustained 
attention task. The subject will first be asked to look at a blank computer screen for 12 
minutes while a baseline of each physiological measure is being established. They will 
be asked to carry out the 12–minute SART test. The participants will then complete an 
abdominal breathing technique before carrying out the SART task for a second time. At 
the end of this test, the will be asked to relax with all physiological sensors left in place 
for a further 5 minutes. 
The short state stress questionnaire will be completed by each participant before and 
after each experimental phase. 
Breathing Technique 
The participants will be trained on a slow breathing technique and practice this for a 
duration of approximately 30 minutes. 
Steps to achieve abdominal breathing 
1. Drop shoulders down 
2. Close your eyes 
3. Release tension from your body 
4. Place both hands on abdomen and follow breath 
5. Breath through your nose as deep as you can 
6. Place one hand on your abdomen and one on your chest 
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7. Inhale deeply and slowly through your nose into your abdomen – you should 
feel your breath move into your abdomen and your chest should move only a 
little 
8. Exhale through your mouth keeping the mouth, tongue and jaw relaxed 
9. Relax and focus on deeper and longer controlled breaths 
10. Strive to make breath smooth, gentle and even. 
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Participant Background Information 
 
 
 
 
 
 
 
 
 
 
 
Gender  
 
Male  Female  
Age 
 
 
Nationality 
 
 
Height (cm) 
 
 
Weight (kg) 
 
 
Do you smoke? 
 
Yes  No  
Do you suffer from 
cardiovascular disease 
(heart trouble, palpitations, 
shortness of breath with 
walking or lying flat)? 
Yes  No  
Do you regularly suffer 
from upper body 
musculoskeletal symptoms 
(joint or muscle stiffness, 
numbness, pain or 
swelling)? 
Yes  No  
 270 
 
 
Edinburgh Handedness Inventory 
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Short State Stress Questionnaire – Pre-experiment: Please indicate how well each word describes how you feel At The 
Moment by placing a ring around a number from 1 to 5. 
Not at all = 1, A little bit = 2, Somewhat = 3, Very Much = 4, Extremely =5 
25. Dissatisfied 1 2 3 4 5 
26. Alert 1 2 3 4 5 
27. Depressed 1 2 3 4 5 
28.  Sad 1 2 3 4 5 
29. Active 1 2 3 4 5 
30. Impatient 1 2 3 4 5 
31. Annoyed 1 2 3 4 5 
32. Angry 1 2 3 4 5 
33. Irritated 1 2 3 4 5 
34. Grouchy 1 2 3 4 5 
Please indicate how true each statement is of your thoughts During the Past Ten Minutes 
Not at all = 1, A little bit = 2, Somewhat = 3, Very Much = 4, Extremely =5 
35. I am committed to attaining my performance goals 1 2 3 4 5 
36. I want to succeed on the task 1 2 3 4 5 
37. I am motivated to do the task 1 2 3 4 5 
38. I’m trying to figure myself out 1 2 3 4 5 
39. I’m reflecting about myself 1 2 3 4 5 
40. I’m daydreaming about myself 1 2 3 4 5 
41. I feel confident about my abilities 1 2 3 4 5 
42. I feel self-conscious 1 2 3 4 5 
43. I am worried about what other people think of me 1 2 3 4 5 
44. I feel concerned about the impression I’m making 1 2 3 4 5 
45. I expect to perform proficiently on this task 1 2 3 4 5 
46. Generally, I feel in control of things 1 2 3 4 5 
47. I thought about how others have done on this task 1 2 3 4 5 
48. I thought about I would feel if I were told how I 
performed 
 
1 2 3 4 5 
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Short State Stress Questionnaire: Post experiment. Please indicate how well each word describes how you felt During the 
Attention Task by placing a ring around a number from 1 to 5. 
Not at all = 1, A little bit = 2, Somewhat = 3, Very Much = 4, Extremely =5 
49. Dissatisfied 1 2 3 4 5 
50. Alert 1 2 3 4 5 
51. Depressed 1 2 3 4 5 
52.  Sad 1 2 3 4 5 
53. Active 1 2 3 4 5 
54. Impatient 1 2 3 4 5 
55. Annoyed 1 2 3 4 5 
56. Angry 1 2 3 4 5 
57. Irritated 1 2 3 4 5 
58. Grouchy 1 2 3 4 5 
Please indicate how true each statement is of your thoughts While Performing The Work Tasks 
Not at all = 1, A little bit = 2, Somewhat = 3, Very Much = 4, Extremely =5 
59. I am committed to attaining my performance goals 1 2 3 4 5 
60. I want to succeed on the task 1 2 3 4 5 
61. I am motivated to do the task 1 2 3 4 5 
62. I’m trying to figure myself out 1 2 3 4 5 
63. I’m reflecting about myself 1 2 3 4 5 
64. I’m daydreaming about myself 1 2 3 4 5 
65. I feel confident about my abilities 1 2 3 4 5 
66. I feel self-conscious 1 2 3 4 5 
67. I am worried about what other people think of me 1 2 3 4 5 
68. I feel concerned about the impression I’m making 1 2 3 4 5 
69. I expect to perform proficiently on this task 1 2 3 4 5 
70. Generally, I feel in control of things 1 2 3 4 5 
71. I thought about how others have done on this task 1 2 3 4 5 
72. I thought about I would feel if I were told how I 
performed 
1 2 3 4 5 
 
